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ABSTRACT 
Polymer-nanoparticle hybrids are nanomaterials in which the unique properties of 
the nanosized structures can be precisely tuned by choosing an appropriate combination of 
the polymer and the nanoparticle. However, nanoparticle dispersion in a polymer is 
challenging due to the aggregation tendency of nanoparticles. To improve nanoparticle 
dispersion and control the location of nanoparticles in block copolymer assemblies, the 
nanoparticle surface is modified with surface ligands compatible with the block copolymer. 
In this thesis, hydroxyl-terminated poly(styrene-b-methyl methacrylate) (PS-b-PMMA) 
was utilized to functionalize the nanoparticle surface, covalently anchoring the hydroxyl-
terminated end of the polymer onto the silicon dioxide nanoparticles. The silicon dioxide 
nanoparticles were functionalized for their assembly into a microphase separated block 
copolymer, poly(styrene-b-methyl methacrylate) (PS-b-PMMA) and the nanoparticles 
were directed within the block copolymer domains. The block copolymer was prepared on 
silicon substrates chemically modified by hydrogen fluoride (HF) passivation. 
Functionalized silicon dioxide nanoparticles were characterized by thermogravimetric 
analysis (TGA), while the location of the nanoparticles was determined by field emission 
scanning electron microscopy (FE-SEM). 
The polymer nanocomposite nanostructure formed is known to depend sensitively 
on the interactions between the nanoparticles and the block copolymer. In order to verify 
the importance of functionalizing the nanoparticle surface with polymer ligands, particles 
iv 
that have not undergone any functionalization were incorporated in the block copolymer 
and we compared the level of dispersion and the sizes of the aggregates formed. The effect 
of the position of the hydroxyl-terminated end of the block copolymer was studied using 
block copolymer with the hydroxyl-terminated end attached to the PS block and copolymer 
with the hydroxyl-terminated end attached to the PMMA block. This thesis also describes 
the influence of particle loading fraction on the size and volume of aggregates formed, and 
the effect on the block copolymer morphology.  
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Introduction  
Polymers are very useful for a wide range of everyday applications, such as plastic 
bottles, car tires, car bumpers, polyethylene bags, nylon ropes, etc., and also for high-end 
applications like components in flat screen electronic displays, electronic circuit boards, 
computers, solar cells, aircraft, space shuttles, etc. 1 Over the past half-century, block 
copolymers (BCPs) have received great attention, but only over the last 20 years have they 
been considered for nanotechnological applications.  A block copolymer is composed of 
blocks of chemically different polymers linked together by covalent bonds. An important 
characteristic that makes block copolymers the subject of intense research is their ability 
to undergo phase separation into ordered structures with different morphologies, with an 
average size of each microphase structure ranging in nanometer length scale.  Due to its 
periodic nanopatterns, the block copolymer is used in lithography and surface patterning. 2 
Block copolymers have been successfully used commercially in asphalt blends, foams, 
pressure-sensitive adhesives and as additives for commodity polymers. 3-5 Development of 
synthesis methods that permits more precise control over the resulting nanostructure and 
its properties make block copolymers even more attractive for advanced technological 
applications in which anisotropic electrical, 6 optical, 7,8 or mechanical 9,10 properties in the 
2 
bulk material are desirable. With these advances, block copolymers can also be used as 
templates for the creation of mesoporous materials, 11 nano-objects, 12 and stimuli-
responsive materials 13. The benefits of using block copolymer as templates for 
nanocomposite materials come from two advantages: first, block copolymer offers a wide 
range of nano-morphologies, with size, shape, and periodicity of the domains conveniently 
tuned by changing molecular parameters such as the volume fraction; second, the chemical 
properties of the block polymers can lead to the selective inclusion of functionalized 
nanoparticles in specific nanodomains, generating periodic arrangement of NPs according 
to the block copolymer geometry. 14,15 
Polymer nanocomposites (PNC) are materials composed of dispersed nanoparticles 
in a polymer matrix. Polymeric composites are diverse and versatile functional materials, 
possessing both functional properties such as ferromagnetism, dielectric and thermal 
conductivity properties, due to the presence of nanoparticles and processability due to the 
flexibility of polymers. Due to these properties, polymer nanocomposites have become 
important commercial materials today with applications ranging from biosensors and 
catalysis to electronic device fabrication such as in nanoparticles that are embedded in 
elastomers for damping, electrical insulators, thermal conductors, and high-performance 
composites for use in aircraft. 1 Elastomeric composite with nanosized fillers have been in 
use since 1959, although proper research on polymer nanocomposites began in 1990 after 
scientists at Toyota attempted to exfoliate clay nanofillers in nylon 6. 1 Traditionally, 
micrometer-scale particles such as silica, calcium carbonate, and carbon black were 
blended in polymers to improve the mechanical properties and thermal stability which are 
commonly accompanied by a property tradeoff. 16 Nanoscale polymer composites (in 
3 
which particles are <100 nm in at least one dimension) offers a large window of opportunity 
to overcome the limitations of traditional micrometer-scale polymer composites. The major 
difference is in the novel benefits that are conferred by the nanoscopic size scale of the 
particles, as the small size of these nanoparticles results in their high surface areas and the 
confinement of electronic states. 17 These give nanoparticles some of the unique properties 
such as improved strength, stability, high reactivity, surface area, low density, and 
sensitivity. 1 In traditional composites, the improvement of some properties is commonly 
accompanied by the loss of other important properties, this is called property tradeoff.  1 
Mixing metal and polymer results in the reduction of the relative stiffness of the metal. 
Enhancement of flame retardancy, barrier property or stiffness has been reported to lead to 
a loss in mechanical properties, transparency, or toughness respectively. 1 In addition, 
material breakdown or failure, often a result of macroscopic defects due to regions of high 
or low volume fraction of filler can occur for traditional micrometer-scale polymer 
composites. For polymer nanocomposites, these property tradeoffs can be minimized or 
avoided. As a consequence of their small size, nanoparticles possess a large surface area 
for a given volume, resulting in better nanoparticle-polymer interactions which reduce 
large stress concentrations leading to greater property improvement.  
Potential polymer nanocomposites applications include:  
1. Electrical and Optoelectronic: 18 Nanocomposites of polymer blended with metallic, 
semiconducting, and insulating nanoparticles are potentially useful as electrical 
components, components in flexible electronics, and hetero-junction (BHJ) organic 
photovoltaic (solar cell) devices (nanoparticles confirmed to one polymer domain 
provides charge separation, while nanoparticles in the free polymer domain provides 
4 
charge transport). Dielectric properties of nanoparticles are important for applications 
as capacitors, chemical sensors, and nonvolatile memories, while the optical properties 
of nanoparticles depend on their interaction with light. 
2. Mechanical and Thermo-mechanical: 19,20 Blending nanoparticles and polymer can 
significantly enhance the mechanical (Young’s modulus, yield strength, toughness) as 
well as thermo-mechanical (thermal stability, fire retardancy and ablative) properties 
of the nanocomposite.  
3. Magnetic: Nanocomposites of magnetic nanoparticles and polymer have applications 
in magnetic data storage devices and magnetic imaging techniques. Using 
polyelectrolyte-neutral diblock copolymers, Berret et al. were able to control the 
clustering of 6.3 nm diameter superparamagnetic maghemite gamma-Fe203 
nanoparticles. 21 Results show that the complexes have a better contrast in magnetic 
resonance imaging (MRI) than single nanoparticles, making them useful as potential 
contrast agents for magnetic resonance imaging.  
4. Barrier membranes: 18,19 The reduced gas and liquid permeability of nano-filled 
polymers make them attractive membrane materials. Conventional or pure polymeric 
membranes such as nylon can have their mechanical properties reduced when water is 
absorbed. In food packaging and gas filtration applications, the enhanced gas barrier 
properties of nanoparticles make nano-filled polymer advantageous.  
The precise assembly and ordering of nanoparticles are extremely important for 
creating nanocomposite materials with electronics, photovoltaic, metamaterials, and 
photonics applications. 
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1.2 Nanoparticles in Homopolymers 
A homopolymer is the linking of only one type of monomer (Figure 1-1).  
Controlling nanoparticle dispersion and location in a homopolymer matrix remains an 
obstacle in the creation of nanocomposite materials.  
 
Figure 1-1: Schematic diagram of a homopolymer. 
Successful assembly of nanoparticles in a homopolymer matrix is 
thermodynamically guided by a complex interplay of entropic contributions and particle-
polymer enthalpy. Entropic contributions comprise polymer conformational entropy 
(entropy associated with the physical arrangement of a polymer chain) and particle 
translational entropy (entropy associated with how likely this physical arrangement of a 
polymer chain can translate into a different arrangement); both of which depends on the 
relative size of nanoparticles to polymer domains. Alternatively, enthalpic interactions 
come from nanoparticle surface contact with the polymer. Grafting of polymeric ligands 
on the particle surface can modify enthalpic interactions. 
Both theoretical 22-24 and experimental works 25-33 on functionalizing nanoparticles 
with homopolymers have established that the chemistry of the grafted homopolymers, 
nanoparticles and the medium (solvent or polymer matrix) play a vital role in dictating the 
spatial arrangement of the nanoparticles. Using experimental studies, 29-31 it has been 
established that improving the compatibility between the nanoparticles and the polymer 
matrix by thermally changing the grafted homopolymer composition on the nanoparticles, 
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can achieve successful migration of the polymer grafted nanoparticles from one domain in 
the matrix to another domain. Hence, dispersing nanoparticles in polymers requires 
favorable enthalpic interaction between the nanoparticles and the polymer matrix. 
Experimentally, Green and others studied the dispersion of nanoparticles in homopolymers 
32,33 where nanoparticles were modified with grafted chains, which are chemically similar 
to the matrix polymer. They showed that the miscibility of nanoparticles in polymers 
increases when the ratio of the degree of polymerization of the graft and matrix polymer is 
around 1 or higher. 32 As the length of the grafted chains increases, energetic contribution 
dominates over the entropic effects and facilitates the mixing. Green’s group also showed 
that high grafted chain density results in poor dispersion of nanoparticles in the polymer 
matrix due to the inaccessibility of polymer chains to interact with the brushes. 33 
With the incorporation of nanoparticles into homopolymers resulting in either dispersion 
or aggregation, theoretical and experimental studies shifted to the incorporation of 
nanoparticles into block copolymers.  
1.3 General Overview of Block Copolymers 
Block copolymers (BCPs) are composed of blocks of chemically distinct monomers 
joined together in discrete blocks by covalent bonds. The linking of two (or more) different 
types of monomers in the same polymer chain is called a copolymer. In a block copolymer, 
all the same types of monomers are positioned together in a side of the chain forming a 
block of the same monomer type and another type of monomer is jointed together at another 
side of the chain forming a block of another type of monomer. However, for a random 
copolymer, the different types of monomers are randomly joined together by covalent 
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bonds in the same polymer chains. The comparison of the two typical copolymers is shown 
in Figure 1-2. 
 
Figure 1-2: Schematic diagram of a block copolymer and a random copolymer. 
Based on the exact number of polymer blocks joined together in the polymer chain, 
block copolymers are classified into several types such as AB diblock, ABA triblock, 
ABAB tetrablock and ABABA pentablock.  Important characteristics, such as weight and 
averaged molar masses (Mw and Mn, respectively), are used to define the molecular weights 
of block copolymers. 
In a diblock copolymer, the mutual repulsion of incompatible blocks, causes the 
block copolymer chains to segregate locally (microphase separate). In this process, as the 
temperature is increased, the block copolymer composed of incompatible chemical 
compositions shows a transition from order to disorder or vice versa, spontaneously 
forming phase-separated nanostructures because of the intramolecular phase separation in 
bulk. This order to disorder transition (ODT) is a thermodynamic phase transition that is 
manipulated by the competition between entropy and energetics. Figure 1-3, shows the 
schematic illustration of block copolymer structure before and after microphase separation.  
Block Copolymer 
Random Copolymer 
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Figure 1-3: Schematic diagram of phase separation of AB block copolymer (a) before 
the transition in disorder; (b) after the transition in order.  
In Figure 1-3(a), the block copolymers are in disorder state. Block A and block B are 
joined together by covalent bonding, and the block copolymers are randomly dispersed at 
a molecular level in bulk or concentrated solution. However, microphase separation caused 
by the thermodynamic incompatibility leads to the distribution of the block copolymer with 
block A phase and block B phase, shown in Figure 1-3(b). The white area is the block A 
domain while the grey area is the block B domain. 
 Several theories have been used to predict the phase diagram of diblock copolymers 
as a function of overall block composition and values of 𝜒𝐴𝐵𝑁 (Figure 1-4). 
34,35 The phase 
behavior of AB diblock copolymers is typically determined by three experimentally 
controllable parameters: the overall degree of polymerization, N, the composition (overall 
volume fraction) of A monomers, 𝑓𝐴, and the A-B segment-segment (Flory-Huggins) 
interaction parameter, 𝜒𝐴𝐵. The first two factors are regulated through the polymerization, 
while the selection of the A B monomer pair determines the magnitude of 𝜒𝐴𝐵. By adjusting 
(a) 
B 
A 
B B 
(b) 
A A 
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the volume fraction, the curvature of the interface between two phases can be controlled to 
minimize the free energy configurations. This induces the formation of various periodic 
structures or morphologies (gyroid (G), body-centered cubic (S), lamellar (L), cylindrical 
(C)) depending on the relative composition of the constituent blocks; owing to the 
microphase separation between dissimilar blocks as shown in Figure 1-4. 
 
Figure 1-4: Theoretical phase diagram for diblock copolymer with close-packed 
spheres (CPS), body-centered cubic spheres, S, hexagonally packed cylinders, C (H), 
gyroid, G, and lamellar (L) phases depending on the block composition 𝑓. Modified 
from Current Opinion in Colloid & Interface Science, 1996, 1(3), 329 – 336. 
Copyright 1996, with permission from Elsevier 
Ordered lamellar domains with a flat interface between A and B blocks are 
predicted for symmetric diblock copolymer with 𝑓𝐴 = 𝑓𝐵 = 0.5. (Figure 1-5).  When the 
S S 
G 
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overall volume fraction is adjusted so that 𝑓𝐴 > 0.5, higher interfacial curvature domains 
are produced in which the longer polymer block, the A block, resides in the concave 
domain, leaving the shorter polymer block, the B block, to reside in the convex domain. 
This is to minimize chain crowding and maximize configurational entropy.  
 
Figure 1-5: Interfacial curvature for AB diblock copolymers with different 
morphologies. Modified version from Ref. 36. The interfacial curvature increases with 
increasing asymmetry in A and B block compositions. 
The theoretical phase diagram for AB diblock copolymers is defined by two 
regimes; the strong segregation regime where 𝜒𝐴𝐵𝑁 ≫ 10, and the weak segregation 
A-B Copolymer Domains A-B Interfacial 
Curvature 
Spherical (S) 
Cylindrical (C) 
Lamellar (L) 
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regime for which 𝜒𝐴𝐵𝑁 ≈ 10 (Figure 1-4). In the weak segregation regime, the penalty 
for mixing between the polymer blocks is low, and as a result, there are poorly defined 
interfaces. 36 By contrast, in the strong segregation regime, there are sharp interfaces due 
to the high penalty for mixing between the polymer blocks. At 𝜒𝐴𝐵𝑁 < 10.5, a disordered 
state occurs during mixing.  At 𝜒𝐴𝐵𝑁 > 10.5, five equilibrium morphologies are predicted 
for different block compositions (Figure 1-6).  
 
Figure 1-6: Typical self-assembly morphologies of AB diblock copolymers. (a) 
Alternating lamellar structures; (b) double-gyroid network; (c) hexagonally packed 
cylinders in the matrix, and (d) spherical domains with bcc lattice in the matrix. 
Adapted by permission from Springer Nature: Springer eBook, Microphase 
Separation (of Block Copolymers) by Matsushita, Y. 
For example, when 𝑓𝐴 ≈ 0.5, a lamellar phase is predicted, while when 𝑓𝐴 is increased, 
cylindrical and spherical phases are predicted. Regions for close-packed-spheres (CPS) 
and gyroid (G) phases are also predicted. 36 It was predicted that the gyroid phase occurs 
at 𝜒𝐴𝐵𝑁 near the order-disorder transition (ODT) between lamellar (L) and cylindrical 
(C) phases. While the close-packed-spheres phase occurs at narrow regions between the 
spherical phases disordered melt.  
a b c d 
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1.4 Nanoparticles in Block Copolymers 
The assembly and ordering of nanoparticles in a polymer matrix is an extremely 
important aspect in the development of nanocomposite materials. The incorporation of 
nanoparticles into block copolymers is rather more complex and requires consideration of 
both enthalpic (nanoparticle ligands) and entropic effects (size of the nanoparticles relative 
to the size (radius of gyration) of the polymer) as the presence of incompatible blocks in 
the polymer results in different χ parameters for nanoparticles and blocks. Balazs and 
coworkers 38 studied A–B block copolymer– nanoparticle composites using a combination 
of self-consistent field theory (SCFT) for the block copolymer and density functional 
theory (DFT) for the nanoparticles and predicted that the location of spherical nanoparticles 
within lamellar domains can be controlled by their size; larger nanoparticles located at the 
center of the preferred copolymer domain. Smaller nanoparticles are driven nearer to the 
A–B interface due to the domination of the translational energy of the nanoparticles in 
relation to the reduced chain-stretching of the A chains. Bockstaller et al. 8 showed 
experimentally that NP can be localized in one of the blocks or at the interface between the 
domains of asymmetric block copolymer by tuning the NP size by incorporating 3.5 nm 
alkane-covered gold nanoparticles and 21.0 nm alkane-covered silica particles into poly 
(styrene-b-ethylene-propylene) (PS-b-PEP) block copolymer. It was observed that the 
large silica nanoparticles were located at the center of the PEP block in the PS-b-PEP, 
whereas smaller gold nanoparticles went to the diblock interface. 
The directed assembly of nanoparticles into microphase separated block 
copolymers is achieved by surface modification of nanoparticles using polymer grafts that 
cover the surface of nanoparticles to preferentially place them. To further control the 
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location of nanoparticles in block copolymer domains, researchers switched focus from 
alkane covered nanoparticles to grafting homopolymers to the nanoparticles. Using 
symmetric poly (styrene-b-2-vinyl pyridine) (PS-b-P2VP) block copolymer Kramer and 
co. 29 controlled the location of gold nanoparticles within PS and P2VP domains by coating 
nanoparticles with either thiol-terminated homopolymers. Au NP with PS brushes was 
located at the center of the PS block while Au NP with P2VP brushes was located at the 
center of the P2VP block. However, Au NP with a mixture of PS and P2VP brushes were 
located at the diblock interface. More recently, Müller-Buschbaum et al. modified the 
surface of maghemite (γ-Fe2O3) nanoparticles with PS chain allowing selective 
incorporation inside the PS domains in asymmetric polystyrene-b-poly-N-isopropyl 
acrylamide. 39 They found that upon the incorporation of low amounts of maghemite (γ-
Fe2O3) nanoparticles, the nanoparticles were distributed within PS domains leading to 
swelling of the PS domains with nanoparticles. At higher nanoparticle concentration, the 
nanoparticles segregated and are accumulated into the film surface. Shenhar et al. 40 coated 
the surface of different shapes of Cadmium Sulphide (CdS) nanoparticles with poly 
(ethylene oxide) (PEO-) making the nanoparticles that are slightly incompatible with the 
PMMA (B domain) in different poly (methyl methacrylate) (PS-b-PMMA) copolymers. 
Results also show that for both NP shapes, the tendency for nanoparticles to segregate to 
the film surface exposes more nanoparticles at the free surface. Emerging from these 
extensive studies, the various modes of nanoparticle localization in the block copolymer 
matrix can be divided into two major categories depending on the block copolymer chains’ 
conformation. The categories are compressed block copolymer chains or stretched block 
copolymer chains (Figure 1-7).   
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Figure 1-7: Schematic of various modes of nanoparticle localizing in block copolymer 
matrices. 20 The nanoparticle diameter is dNP; the block copolymer consisting of A and 
B blocks (LA/2 and LB/2 are related to the polymer radius of gyration). (a) Dispersion 
of smaller nonselective nanoparticles in the block copolymer interfacial region. (b) 
Phase separation of large nonselective nanoparticles. (c) Nanoparticles that are 
selective to both the blocks are locating at the interfaces. (d) Uniform dispersion of 
smaller nanoparticles selective to a particular block, B block. (e) Large selective 
nanoparticles locating in the middle of a particular polymeric domain selective to 
nanoparticles. (f) Dispersion of smaller or larger selective nanoparticles in the center of 
the B domain in the case when the B block possesses rigid conformation. Reprinted 
from Progress in Polymer Science, 2015, 40, 33 – 62, Copyright 2015, with permission 
from Elsevier. 
In the case of a block copolymer consisting of flexible polymeric chains, the 
following modes of nanoparticle localization are obtainable; (a) small (dNP/(LA+LB) < 0.26) 
non-selective nanoparticles that have no particular affinity for either A or B blocks, 
locating at the interface between blocks, 8 (b) aggregation of larger nonselective 
nanoparticles leads to phase separation into polymer-rich and particle-rich phases, (c) 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
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localization of nanoparticles, having affinity to both A and B blocks, in the block 
copolymer interfacial region, 41 (d) small selective nanoparticles locating and dispersing 
evenly in a particular polymeric domain selective to the nanoparticles, 29 and (e) Dispersion 
of larger nanoparticle, selective in a particular block, b block, to the center of the B domain 
(dNP/(LA+LB) > 0.30); where dNP is the nanoparticle diameter 
42.  
For block copolymer comprised of rigid polymeric chains, 31 selective nanoparticles 
are located in the middle of a particular polymeric domain, selective to nanoparticles, 
irrespective of NP size and shape. These results show that nanoparticle location is 
influenced by the nature of polymer (chemistry and rigidity), the nature of the particle 
(selectivity, size, and shape) and the nanoparticle concentration. 
Grafting polymer brushes to inorganic particle surfaces has shown great success in 
promoting filler-matrix compatibility. (Figure 1-7). However, focusing on grafting only 
homopolymers to nanoparticles, controlling nanoparticles’ location in block copolymer 
matrices remains an obstacle in the fabrication of block copolymer-nanoparticle composite 
materials. The ordering of nanoparticles in the polymer matrix has shown poor control, as 
the nanoparticles go into the center of the domain; however, these nanoparticles are 
disordered within the center. The use of block copolymers in nanoparticle functionalization 
can be advantageous over the use of homopolymers since self-assembled block copolymers 
can provide better control in the arrangement and structure of nanoparticles. Block 
copolymer functionalized nanoparticles are located in the center of the domain while 
homopolymer functionalized nanoparticles are randomly dispersed in the domain. Having 
such potential in research, very little has been done on functionalizing nanoparticles with 
block copolymers. Jayaraman and Estridge 43 used coarse-grained molecular simulations 
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to study AB diblock copolymer grafted particles as compatibilizers in an immiscible blend 
of A and B homopolymers. It was observed that the location of the nanoparticle is 
controlled by the fraction of the A block in the graft, fA. When fA = 0.25, the functionalized 
nanoparticles preferentially localize in the B domain of the blend, as the interaction 
between the B block and B domain dominates. When fA = 0.5 and 0.75, the functionalized 
nanoparticles localize at/near the interface of the A and B domains, adopting conformations 
that segregate the A and B segments of the grafts into chemically identical domains of the 
blend. Despite the promise of better controlling the nanoparticles’ location using block 
copolymer, many of these previous studies did not use block copolymer grafts; hence, there 
is a knowledge gap that is intended to be filled with this research. 
1.5 Research Motivation 
The resulting nanocomposites’ properties are primarily determined by the nature of 
the nanoparticles’ dispersion in polymer matrices.  However, the nanoparticles’ dispersion 
is thermodynamically unstable as nanoparticles tend to aggregate to reduce free energy due 
to their high surface area and surface energy, which may negatively affect the final 
properties of the hybrid material. Dispersing NPs in polymers requires favorable enthalpic 
interaction (Flory-Huggins interaction parameter χ equal to or less than zero) between the 
nanoparticles and the polymer matrix. To overcome the problem of segregation and to 
achieve a good dispersion of nanoparticles into a polymeric matrix it is necessary to 
compatibilize the NP with the matrix. The use of block copolymers in nanoparticle 
functionalization can be advantageous over the use of homopolymers since self-assembled 
BCPs can provide better control in the arrangement and structure of NPs. It is hypothesized 
that lamellar block copolymer functionalized nanoparticles will locate in the center of the 
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domain while homopolymer functionalized nanoparticles are randomly dispersed in the 
domain. 
1.6 Research Objective 
This thesis presents the investigation of the morphological evolution of self-
assembled thin-film polymer nanocomposites (PNCs) that employ a microphase-separating 
block copolymer (BCP), poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) to 
drive preferential alignment of diblock copolymer (PS-b-PMMA) functionalized silicon 
dioxide (SiO2) spherical nanoparticles upon the incorporation of different concentrations 
of PS-b-PMMA functionalized SiO2 spherical nanoparticles. 
1.7 Thesis Outline: Impact of Our Research 
Chapters one provides a broad introduction to polymer nanocomposites. The 
section gives the current state of the field and the theoretical background required to 
understand this thesis. In Chapter 2, the materials, experimental methods, and experimental 
techniques are explained. Chapters through 3 and 4 focus on the main results of the 
research. In Chapter 3, evidence that provides insight into the mechanism of block 
copolymer orientation alignment using hydroxyl-terminated homopolymers and 40-45% 
Hydrogen fluoride solution are shown.  In Chapter 4, Hydroxyl Terminated Poly (styrene-
b-methyl methacrylate) (HO-PS-b-PMMA) and Hydroxyl Terminated Poly (methyl 
methacrylate-b-styrene) (Br-PS-b-PMMA-OH) were utilized to functionalize the 
nanoparticles. Chapter 5 presents an outlook and future work related to our studies. The 
appendix of this thesis is also provided.  
This thesis work focused on directed self-assembly of block copolymer 
functionalized nanoparticles in polymer thin films. In the following five chapters, the 
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design and synthesis of functionalized nanoparticles and the appropriate interfacial 
interactions between these nanoparticles and the block copolymer matrix are illustrated. 
This research will also illustrate the combination of different self-assembly strategies to 
produce polymer nanocomposites with controllable structures and morphologies. 
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CHAPTER 2 
 
MATERIALS, EXPERIMENTAL METHODS, AND TECHNIQUES 
 
This earlier section of this chapter provided the background for understanding the 
underlying chemistry behind block copolymer self-assembly and nanoparticle surface 
modification using polymers in the context of our research presented in Chapters 3-5. The 
later section introduces the related chemicals and raw materials used, provides detailed 
experimental steps for the preparation of polymer nanocomposites, and describes the 
characterization techniques for the characterization of polymer and polymer 
nanocomposites of the thesis project. 
2.1 Block Copolymer Self-Assembly Methods 
2.1.1 Substrate Modification 
For uniform self-assembly nanostructures in block copolymer thin films, the 
substrate and free space (usually air) in contact with block copolymer thin film are to be 
non-preferential against the polymer components of the block copolymer. 44 Theoretical 
studies have shown that film thickness and polymer-surface interactions are important 
parameters for achieving this goal. 
Block copolymer orient parallel to an underlying surface when one of the polymer 
blocks strongly interacts with the surface (Figure 2-1a). 45,46 On the other hand, 
perpendicular orientation of lamellar domains is encouraged by neutral polymer-surface 
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interactions and film thicknesses of non-integer multiples of half the block copolymer 
domain spacing, (𝑑). 45-47 At such film thicknesses, vertical alignment of lamellar domains 
on surfaces is induced by the high entropy cost associated with polymer chain stretching 
or compression.46 Consistent with conclusions made from theoretical studies, poly 
(styrene-b-methyl methacrylate) 48 block copolymer align parallel to surfaces with positive 
interactions with the PMMA block. 
 
Figure 2-1: Alignment of block copolymer domains on (a) flat and (b) modified 
surfaces. 
Thus, before the self-assembly procedure, the necessary process is to perform a 
pretreatment on the substrate to modify the wettability or to neutralize the surface. 
Neutralizing the surface interactions with random copolymer brushes, 49-52 homopolymer 
brushes, 53,54 blends of homopolymers brushes 55-58 or hydrogen fluoride (HF) passivation 
59,60 has shown orient copolymer domains perpendicular to the surfaces.   
For random copolymer brushes, using the reaction between the functional groups attached 
to the random copolymer and the substrate, random copolymers are grafted onto the 
substrate to form a brush or crosslinked to form a mat on the substrate. (Figure 2-2) 
Surface Layer 
Unmodified 
Silicon Substrate 
Perpendicular Orientation Parallel Orientation 
(a) (b) 
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Figure 2-2: Schematic representation of the preparation of neutral substrate using a 
random copolymer brush.  
The most common approach to orienting copolymer domains perpendicular to the 
substrate is to treat the substrate with a random copolymer brush layer that contains the 
same monomer units as the block copolymer. However, for most block copolymers, the 
copolymerization of the corresponding monomer pair to form a random copolymer may be 
difficult or even impossible. Homopolymers with hydroxyl groups at the ends of the chains 
are used to functionalize a SiO2 surface forming neutral substrate. (Figure 2-3) 
 
Figure 2-3: Schematic representation of the preparation of neutral substrate using binary 
homopolymer blend brush. 
In using homopolymer brushes to aid in the directed assembly of a block 
copolymer, the homopolymer of the block with lesser affinity to the substrate is grafted to 
the substrate. (Figure 2-4) 
PS-OH 
PMMA-OH 
160°C for 48 hours 
Grafting blend of PS-OH 
and PMMA-OH onto SiO2  
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Figure 2-4: Schematic of the directed assembly process on chemically patterned 
homopolymer brush. Reprinted with permission Journal of Vacuum Science & 
Technology B, 2008, 26(6), 2504 – 2508. Copyright 2008 American Vacuum Society. 
This brush layer is either treated with oxygen plasma 53 or coated with photoresist 
54, which is then patterned and etched, transferring the pattern to the brush layer. This 
chemically patterned brush layer aids in the direct assembly of the block copolymer. 
For HF passivation, the silicon substrate is treated with hydrogen fluoride to reduce 
the chemical reactivity of the surface. The etching of Si and SiO2 consumes F-ions via the 
reaction 61 
𝑆𝑖𝑂2  +  4 𝐻𝐹 →  𝑆𝑖𝐹4  +  2 𝐻2𝑂 
Schematic representation of the mechanism of hydrogen fluoride etching of silicon surfaces 
is shown in Figure 2-5. Figure 2-5(a) depicts the initial surface upon oxide removal by 
HF, which is the F termination of the Si dangling bonds. The Si-F bond polarizes the silicon 
back bond leading to surface silicon fluorination and second-layer silicon hydrogenation 
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in Figure 2-5(b). The sequence is repeated in Figure 2-5(c) and Figure 2-5(d) with the 
removal of the surface silicon atom as SiF4. 
 
Figure 2-5: Schematic representation of the mechanism of hydrogen fluoride 
passivation. Reprinted with permission Physical Review Letters, 1990, 65(4), 504 – 
507. Copyright 1990 American Physical Society 
2.1.2 Spin-Coating 
The spin-coating technique is commonly used to fabricate a thin film uniformly 
across the substrate surface. It involves coating a solution of the block copolymer dissolved 
in a volatile organic solvent while rotating the substrate holder at a given speed.  (Figure 
2-6).  
 
Figure 2-6: Schematic diagram of the spin-coating process. From Ref. 62. 
(a) (b) (d) (c) 
24 
For an effective spin-coating process, the choice of solvent for a specific block 
copolymer is significant. Micelles are formed if the solvent is unfavorable for even one 
polymer block; this micelle formation deteriorates the block copolymer solution quality. 44 
The block of polystyrene makes an organic solvent the best choice to use for PS-b-PMMA. 
Spin-coating offers the advantage of simplicity, the process can be precisely 
controlled with parameters such as spin speed and duration of speed after which a uniform 
thin film is obtained. 
2.1.3 Annealing 
After spin coating, the block copolymer remains in a nonequilibrium and disordered 
state. In such a state, the block copolymer is kinetically trapped, preventing microphase 
separation from occurring. Thus, the desired nanostructured morphologies will not appear. 
The annealing process increases the mobility of the polymer chains after which the block 
copolymers reorganize its structure to achieve desired morphologies in equilibrium. 63   
Generally, there are two major methods for annealing block copolymer films; 
solvent vapor annealing (SVA) and thermal annealing. In the solvent vapor annealing 
process, the block copolymer films are exposed to the vapor of the solvent(s). This 
exposure forms a swollen layer which increases polymer chain mobility to direct the self-
assembly process. 63 The self-assembly ordering for SVA is achieved more quickly than 
that of thermal annealing. For the thermal annealing process, the block copolymer thin film 
is heated (usually under vacuum) at a temperature lower than each of the polymer block 
degradation temperatures but higher than each of the polymer block glass transition 
temperatures for enough time to get the equilibrium morphology. (Figure 2-7) 
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Figure 2-7: Schematic diagram for thermal annealing of the PS-b-PMMA diblock 
copolymer. 
2.2 Surface Modification of Nanoparticles with Polymers 
The ability to effectively serve as the bridge between materials in bulk state and the 
molecular structures of these materials makes nanoparticles of immense interest in the 
scientific world. However, the key issue in nanocomposites formation is the dispersion of 
nanoparticles, the aim of which is to incorporate individual nanoparticles into the polymer 
matrix and stabilize them to avoid further agglomeration. To improve nanoparticle 
compatibility with host polymer matrices, polymer brushes have been covalently grafted 
on the surface of nanoparticles. This modification has extensively broadened how 
nanoparticles are used in recent years. 64-67   
Grafting mechanisms play a key role in controlling the spatial dispersion of 
nanoparticles and improving the thermomechanical properties of polymer nanocomposites. 
68 There are two main synthetic methods for grafting polymers onto nanoparticles, they are 
“grafting to” and “grafting from” methods. In the “grafting to” approach, the polymers are 
first synthesized before they are attached to the surface of nanoparticles via the reaction 
with the polymer end functional groups 63-72 as shown in Figure 2-8(b).  The “grafting to” 
approach is relatively easy; it also has the advantage of characterizing the polymer before 
grafting onto the substrate. Due to the separate polymer synthesis and grafting steps, it is 
possible to apply various polymerization methods regardless of the nanoparticle surface 
chemistry. The “grafting to” approach ensures the stabilization of constituents, better 
PS 
PMMA 
Thermal 
Annealing 
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grafting ratios, and effective control over the dispersion state. 73 However, the “grafting to” 
approach has the disadvantage of relatively low grafting densities. As more polymer chains 
get grafted onto some grafting sites, the diffusion of end-functionalized polymer chains 
near the surface of the nanoparticles becomes increasingly difficult due to steric hindrance. 
For this thesis, the anchoring of block copolymer was done by the “grafting to” method. 
 
Figure 2-8: Schematic for “Grafting to” and “Grafting from” approaches for grafting 
polymers on nanoparticles. Reprinted with permission ACS Nano, 2017, 11, 7028 – 
7035. Copyright 2006 American Chemical Society.  
In the “grafting from” method, an initiating group is used to first modify the surface 
of the nanoparticle, this is followed by the polymerization of the initiating group (Figure 
2-8(a)). This method also referred to as surface-initiated polymerization, involves 
anchoring chain initiators onto the nanoparticle surface. This anchoring is followed by the 
addition of monomer-sized functional groups to the initiators during the polymerization 
that allows chain growth and offers uniform polymer coverage over the surface of the 
(a) (b) 
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nanoparticle. 68, 74-76 The success of the “grafting from” method only requires small 
monomeric species diffusion to the surface of the nanoparticles.  
Alternatively, in the “grafting from” method, the polymers grafted onto some 
grafting sites on the surface do not sterically hinder incoming small monomer molecules 
to other initiating sites, this results in higher grafting densities with relatively little cross-
linking compared to the “grafting to” method. 77,78 
2.3 Experimental System and Procedures 
2.3.1 Materials 
In this section, the materials used for our experiments such as polymers, 
nanoparticles (NP), substrates and other chemicals are presented, and experimental 
procedures are described. 
2.3.1.1. Polymers 
The block copolymer, poly (styrene-b-methyl methacrylate) (PS-b-PMMA) is used as a 
host matrix for preparing block copolymer thin films (Chapter 3) and block copolymer 
nanocomposites (Chapter 4 and 5). PS and PMMA blocks can microphase separate as 
discussed in Chapter 1, leading to a range of nanostructures such as spheres, cylinders, 
gyroid, and lamellae depending on the volume fraction of one of the blocks. The volume 
fraction of the PMMA block in PS-b-PMMA was chosen such as to obtain the lamellar 
morphology. The molecular weights, Polydispersity index (PDI) and other characteristics 
of the block copolymers are presented in Table 2-1. 
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Table 2-1: Characteristics and properties of block copolymers used in this thesis. 
Polymer 
MN 
(g/mole) 
PDI 
MN 
PS 
(g/mole) 
MN 
PMMA 
(g/mole) 
f 
(volume 
fraction 
of 
PMMA) 
𝜒𝑁 
at 
190 
°C 
Block 
Copolymer 
PS-b-PMMA 74,800 1.08 38,000 36,800 0.492 29.1 
Hydroxyl 
Terminated 
Block 
Copolymer 
HO-PS-b-PMMA 71,000 1.21 31,000 40,000 0.5634 27.7 
Br-PS-b-PMMA-OH 88,000 1.35 46,000 42,000 0.4773 34.2 
 
Polystyrene, PS and polymethyl methacrylate (PMMA) are commonly studied 
polymers and thereby the physical properties such as glass transition temperature, 
viscosity, etc. are well documented. 79 PS-b-PMMA was purchased from Polymer Source 
Inc.  
The Flory-Huggins interaction parameter, 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 between PS and PMMA, 
determined above the microphase separation temperature, is given by 80 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  (0.028 ± 0.002) +
(3.9 ± 0.6)
𝑇
 
where T is the annealing temperature in Kelvin. Table 3.1 shows that 𝜒𝑁 ≫ 10.5 at 190 
°C showing that the block copolymers microphase separate in the strong segregation limit 
(SSL). 
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 Hydroxyl Terminated Poly (styrene-b-methyl methacrylate) of various hydroxyl 
attachments were purchased from Polymer Source Inc. for studying NP embedding into a 
polymer matrix by electron microscopy (Chapter 4 and 5). 
 
Figure 2-9: Molecular structure of (a) PS-b-MMA; (b) HO-PS-b-PMMA; (c) Br-PS-b-
PMMA-OH.  
The molecular structure diagrams of PS-b-MMA, HO-PS-b-PMMA, and Br-PS-b-PMMA-
OH are shown in Figure 2-9 (a), (b) and (c) respectively.  
The molecular weights of the two homopolymers are small enough to prevent 
microphase separation. The structure, molecular weight, PDI and other characteristics of 
PMMA and PS used in this thesis are presented in Table 2-2. 
(a) 
(b) (c) 
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Table 2-2: Characteristics and properties of homopolymers used in this thesis. 
Polymer MN (g/mole) PDI Tg (°C) 
Coiled Chain 
Length (nm) 
Hydroxy Terminated 
Polystyrene 
PS-OH 9,500 1.05 100 2.407 
Hydroxy Terminated Poly 
(methyl methacrylate) 
PMMA-OH 9,500 1.10 105 2.455 
 
The molecular structure diagrams of PS-OH and PMMA-OH are shown Figure 
2-10 (a) and (b) respectively 
 
Figure 2-10: Molecular structure of (a) PS-OH; (b) PMMA-OH. 
2.3.1.2. Nanoparticles 
Chapters 4 and 5 present the investigation of silicon dioxide (SiO2) spherical 
nanoparticles functionalized with hydroxyl-terminated poly (styrene-b-methyl 
methacrylate) or hydroxyl-terminated poly (methyl methacrylate-b-styrene). Silicon 
dioxide (SiO2) spherical nanoparticles were acquired from Sigma-Aldrich with a range of 
5-15nm particle size provided by the manufacturer 
(a) (b) 
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2.3.1.3. Substrates 
The substrate used in this thesis is silicon (Addison Engineering, Inc., P <110> 
type, resistivity: any, 4” test grade, double side polished wafers). The silicon wafers were 
cut into small pieces (typically 1.7 cm x 1.7 cm) with the help of Microautomation, 1006 
dicing saw. The cut substrates were cleaned first with acetone, toluene, then with deionized 
water and dried under nitrogen gas after each step to remove any organic impurities on the 
substrate, before casting films. To increase the native oxide on the silicon substrate, the 
cleaned substrates are placed into a Denton Vacuum, DV-502A thermal deposition system 
where they are treated with nitrogen for 10 minutes to remove any organic impurities on 
the substrate. Oxygen is then flown for 40 minutes at a steady flow rate while heating at 
1100°C creating ~133nm thick surface silicon dioxide group on the substrate. Next, the 
substrates were cleaned first with acetone, toluene, then rinsed with deionized water and 
dried under nitrogen gas before casting polymer films on the substrates. 
2.3.1.4. Solvents 
Toluene and anisole were purchased from Sigma-Aldrich, Milwaukee, WI, and 
used without further purification.  
2.3.2 Polymer Film Casting 
The procedure to cast the polymer films with or without nanoparticles is described. 
Spin Coating 
The spin-coating technique is commonly used to fabricate a thin film uniformly 
across a substrate surface. In this study, the polymer with or without functionalized 
nanoparticles was dissolved in a common solvent like anisole or toluene. Next, the polymer 
films were prepared by spin coating the solution on pre-cleaned substrates as described 
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above. Desired film thickness was obtained by adjusting the polymer and organometallic 
or NP concentrations in the solvent and the spinning speed (typically ~ 2000 to 6000 rpm). 
The spinning time typically was 1 minute. The films were annealed at the desired 
temperature under vacuum. 
2.3.3 Experimental Procedure 
2.3.3.1. Preparation of Block Copolymer (BCP) Thin Film 
A silicon wafer with a native oxide or thermally grown oxide layer on the surface 
is used as a substrate. The substrate is cleaned as described above. The cleaned substrate is 
placed in a 40 – 45% HF solution for 15 minutes, then rinsed with deionized water. BCP 
solution is prepared with anisole by weighing the BCP, poly (styrene-b-methyl 
methacrylate) (PS-b-PMMA) and the solvent into a glass vial making a range of (0.5 – 1.5 
wt. %) weight concentration solution to reach the desired film thickness. This solution is 
heated for rapid dissolution. The BCP film is prepared by spin-coating the BCP solution 
for a range of rotation speed on the silicon wafer.  
The BCP thin film is annealed in an oven for 48 hours under vacuum at 190°C, 
above the glass transition temperature, Tg (100°C for PS and 105°C for PMMA), but below 
the degradation temperature of the blocks of the BCP for microphase separation to occur. 
2.3.3.2. Preparation of Surface Layer 
Here the procedure for preparing the surface underlayer is described. Two methods 
of casting films were used in the experiments as discussed below.  
I. Binary homopolymer blend 
Hydroxyl-terminated homopolymers of the BCP blocks, PS-OH and PMMA-OH 
are used to make a brush underlayer. PS-OH and PMMA-OH are mixed at different weight 
ratios with anisole as a solvent into a glass vial making 1.0% (wt.) weight concentration 
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solution. This solution is heated for rapid dissolution. The substrate is cleaned as described 
above. The cleaned substrate is placed in a 40 – 45% HF solution for 15 minutes, then 
rinsed with deionized water.  The brush film is prepared by spin-coating the solution at a 
spinning speed of 2000 rpm (acceleration time = 10 seconds, spin-coating time = 35 
seconds).  
The brush film is placed in an oven for 2 days and annealed under vacuum at 160°C 
to react the homopolymer chains onto the silicon substrate forming the brush underlayer. 
The brush underlayer is immersed in anisole and sonicated for 15 minutes to remove 
ungrafted homopolymer. The substrate is rinsed with anisole and heated on a hot plate at 
80°C for 4 minutes to dry off any solvent. 
II. Modification of a polystyrene brush layer by insertion of polymethyl methacrylate 
brush 
In this case, the brush is prepared by two consecutive grafting steps. First PS-OH 
is grafted onto the substrates, next, PMMA-OH is inserted into the PS brush by depositing 
and annealing a thin film of PMMA-OH on the PS brush.  
PS-OH is prepared with anisole in a glass vial making 1.5% (wt.) weight 
concentration solution. This solution is heated for rapid dissolution. The substrate is 
cleaned as described above. The cleaned substrate is placed in a 40 – 45% HF solution for 
15 minutes, then rinsed with deionized water. The PS-OH brush film is also prepared by 
spin-coating the solution at a spinning speed of 2000 rpm (acceleration time = 10 seconds, 
spin-coating time = 35 seconds). The brush film is placed in an oven for 1 day and annealed 
under vacuum at 160°C, to graft the PS-OH homopolymer chains unto the silicon substrate 
forming the PS-OH brush underlayer. This brush underlayer is immersed in anisole and 
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sonicated for 30 minutes to remove ungrafted homopolymer. The substrate is rinsed with 
anisole and heated on a hot plate at 180°C for 4 minutes to dry off any solvent.  
Next, PMMA-OH is prepared with anisole in a glass vial making 1.5% (wt.) weight 
concentration solution. This solution is heated for rapid dissolution. The PMMA-OH brush 
film is also prepared by spin-coating the solution at a spinning speed of 2000 rpm 
(acceleration time = 10 seconds, spin-coating time = 35 seconds) unto the PS-grafted 
substrates. The brush film is placed in an oven for 1 day and annealed under vacuum at 
160°C, to graft the PMMA-OH homopolymer chains into the initial PS brush layer and 
onto the silicon substrate. Ungrafted PMMA-OH was removed by sonication in 
chlorobenzene for 30 minutes before it is heated on a hot plate drying off any solvent. 
2.3.3.3. Preparation of Block Copolymer (BCP) Thin Film on Brush Underlayer 
The steps described above for the preparation of the block copolymer thin film on 
a silicon wafer with a native oxide or thermally grown oxide layer on the surface is used 
here. However, the BCP thin film is prepared on a modified neutral surface layer substrate 
also described above. 
2.3.3.4. Preparation of Grafted Block Copolymer (GBCP) Functionalized 
Nanoparticles 
Spherical silicon dioxide (SiO2) nanoparticles are prepared with anisole in a beaker. 
The solution is heated (80°C) while constantly stirred to facilitate nanoparticle dispersion 
in the solvent. Hydroxyl-terminated poly (styrene-b-methyl methacrylate) (HO-PS-b-
PMMA) diblock copolymer or hydroxyl-terminated poly (methyl methacrylate-b-styrene) 
(Br-PS-b-PMMA-OH) diblock copolymer is weighed and placed into the nanoparticle 
solution. The mixture is further heated while constantly stirred before it is left to dry in the 
fume hood overnight. The dried mixture is placed in an oven for 1 hour and heated under 
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vacuum at 230°C to graft the BCP chains onto the surface of the nanoparticles. The addition 
of hydroxyl-terminated block copolymer and grafting BCP-OH reaction steps are repeated 
3 - 5 times to increase the nanoparticles grafting. 
The functionalized nanoparticles are sonicated for 15 minutes in anisole to remove 
excess ungrafted BCP-OH chains before being centrifuged for 15 minutes. The sonication 
and centrifugation steps are repeated three times. The functionalized nanoparticles are 
placed in the oven under vacuum at 160°C for 30 minutes to dry off any solvent. 
2.3.3.5. Preparation of Polymer Nanocomposite Thin Film 
The modified neutral brush underlayer is used as a substrate. The substrate is 
cleaned as described above. Block copolymer-nanoparticle solution is prepared with 
anisole by weighing the BCP, poly(styrene-b-methyl methacrylate) (PS-b-PMMA), the 
functionalized nanoparticles into a glass bottle vial making a range of (0.5 – 4.0 wt. %) 
weight concentration solution to reach the desired film thickness while varying the volume 
fraction of the functionalized nanoparticles.  This solution is stirred constantly and heated 
for 24 hours. The BCP-NP film is prepared by spin-coating the BCP-NP solution on the 
modified neutral brush underlayer. This BCP-NP thin film is placed in an oven for 48 hours 
and heated under vacuum at 180°C. 
2.4 Characterization Techniques 
Complete characterization of polymer nanocomposites requires a compilation of 
findings resulting from various complementary characterization techniques. For example, 
in Chapter 3, a combination of techniques such as contact angle goniometry was used to 
characterize the wettability of the substrate as a measure of its surface energy, and field-
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emission scanning electron microscopy was used to characterize the morphology and 
orientation of block copolymer. 
2.4.1 Contact Angle Goniometry 
The contact angle is the angle at which a liquid or vapor interface meets the solid 
surface. Contact goniometry is a method to determine the wetting properties of a substrate. 
It can also be used to estimate the surface energy of the substrate. The amount of contact 
between the liquid and the substrate depends on the energies (or surface tensions) of the 
interfaces involved such that the total energy is minimized. 81 Dataphysics, OCS 15plus 
contact angle system was employed in the thesis. 
The contact angle is measured from a drop of deionized water resting on a surface 
(Figure 2-11). If the water is very strongly attracted to the substrate, the droplet will 
completely spread out on the substrate and the contact angle will be close to 0°. Then such 
a substrate is said to be hydrophilic, this is the case for PMMA. Less strongly hydrophilic 
solids will have a contact angle up to 90°. Here, the water droplets simply rest on the 
substrate without actually wetting to any significant extent. 
 
Figure 2-11: Schematic of different levels of wettability of surfaces. 
There are several methods available to measure the contact angle of surfaces. For 
the purpose of this research, the static sessile drop method was used. In this method, a 
droplet is deposited by a syringe which is positioned above the sample surface, and the 
37 
angle formed between the deionized water/substrate interface is measured using a high-
resolution camera and software to capture and analyze the contact angle.  
 
Figure 2-12: Schematic of a static sessile drop method. 
Aside from its relatively straightforward nature, this method has the advantage that 
multiple droplets can be deposited in various locations on the sample to determine 
heterogeneity. Figure 2-12 shows a schematic of the static sessile drop method, the volume 
of the drop is being increased. 
2.4.2 Field-Emission Scanning Electron Microscopy (FE-SEM) 
SEM is one of the most important tools of nanotechnology for imaging 
nanomaterials with sub-nanometer resolution.  FE-SEM images the sample surface by 
scanning it with a high-energy beam of electrons. The typical acceleration voltage in an 
operational SEM is 10kV to 40kV. The electrons are emitted from field emission electron 
guns. The electrons are accelerated, confined and focused into a thin focused, 
monochromatic beam using metal apertures and magnetic lenses that bombard the object.  
Secondary electrons are emitted from the object. The angle and velocity of these secondary 
electrons relate to the surface structure of the object. A detector catches the secondary 
electrons and produces an electronic signal which is then amplified and transformed into 
an image. 
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For this thesis, the FE-SEM model used was Hitachi S-4800 FE-SEM operational 
at a variable acceleration voltage of 0.5 - 30 kV. The point-to-point (maximum) resolution 
of this FE-SEM 1s 1.0 nm. For imaging, the working distance used was between 2.5 – 7.0 
mm, while the electron acceleration voltage used was low, 20kv in order to minimize the 
beam damage to polymer-like PMMA. FE-SEM was used to characterize the morphology 
and orientation of block copolymer and the polymer nanocomposite. To verify the contrast 
in PS-b-PMMA images, between PS and PMMA blocks, cylinder-forming PS-b-PMMA 
is prepared. The block with the lesser volume fraction forms the cylinder while the block 
with the larger volume fraction forms the bulk matrix. Results show that the PMMA 
domain is darker while the PS domain is the lighter. 82 
2.4.3 Ellipsometry 
SE 850 Spectroscopic Ellipsometry, SENTECH, was employed to determine thin 
film thickness and optical constants (n, k) of grafted homopolymer brushes, block 
copolymer and the polymer nanocomposite using the reflection of polarized light. The 
ellipsometry has a broad spectral range of 350 – 1700 nm. Ellipsometry measurements 
were obtained at a range of measuring incident angles to the substrates, about Brewster’s 
angle (angle of incidence at which there is no reflection of polarized light at a transparent 
optical surface) of the medium. The magnitude of Brewster's angle can be calculated with 
Brewster's law: 
𝜃𝐵 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑛2
𝑛1
 
Here, 𝑛1 and 𝑛2 are the refractive indices of the medium of the incoming beam and the 
other medium, respectively. Figure 2-13 shows Brewster's angle as a function of the ratio 
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of refractive indices. Brewster's angle varies with wavelength since the refractive index for 
a given medium changes depending on the wavelength of light. 
 
Figure 2-13: Dependence of Brewster's angle on the ratio of refractive indices of the 
media. From Ref. 83.  
At 465.5 nm wavelength, the estimated refractive index for poly(styrene) (PS) is 
calculated as 1.61 while for poly(methyl methacrylate) (PMMA), it is calculated as 1.51. 
84 Brewster’s angle for PS is about 58° while that of PMMA is 56°. 
The procedure used in this thesis to deduce thin film thickness from ellipsometry 
measurements follows the flow chart in Figure 2-14.  
 
Figure 2-14: Flow chart for ellipsometry data analysis. From Ref. 85. 
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After a sample is measured, a model is constructed to describe the sample. Finding 
the best match between the model and the experiment is typically achieved through 
regression. A minimum Mean Squared Error (MSE), is used to quantify the difference 
between the model and the experiment. 
2.4.4 Thermal Gravimetric Analysis (TGA) 
Q50 TGA Thermogravimetric Analyzer, TA Instruments was employed to study 
the thermal gravimetric analysis of grafted block copolymer functionalized nanoparticles 
to determine grafting density. TGA measurements were performed at 10 °C/min to 600 °C. 
2.4.5 Atomic Force Microscopy (AFM) 
In this technique, a pliable cantilever tip is brought in contact with the sample 
(contact mode imaging), which results in bending or deflection of the cantilever due to van 
der Waals repulsive forces between the tip and the sample. As the tip is dragged across the 
sample by piezoelectric scanners, local topography changes result in tip displacement. A 
laser is reflected from the back of the cantilever and the signal is used to determine bending 
experienced by the cantilever. (Figure 2-15) 
 
Figure 2-15: Schematic of atomic force microscopy. From Ref. 86. 
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However, to limit the damage to the polymer thin films, intermittent contact or 
tapping mode imaging is used in this thesis for imaging surface topography of polymer and 
polymer nanocomposites thin films. In this imaging mode, the tip comes in contact with 
the surface for a very short time reducing the damage to the sample to a minimum. The 
instrument used was a 5420 Atomic Force Microscope, Agilent. The AFM tips 
(NanoSensors, Inc.) had spring constants of about 10 – 130 N/m, resonant frequencies - 
204 – 497 kHz. Images were taken in tapping mode with scan speeds of 0.20-0.5 Hz. The 
images were analyzed using Gwyddion software. 
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CHAPTER 3 
 
BLOCK COPOLYMER DOMAIN ORIENTATION AND SURFACE 
INTERACTION 
 
3.1 Introduction 
For this thesis, polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) block 
copolymer is used. This block copolymer used has a number average of molecular weight 
of 74,800, a polydispersity of 1.08, with a PMMA volume fraction of 0.492. Using the 
Flory-Huggins interaction parameter between PS and PMMA,  𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 ≈ 0.0397 
estimated at 190 °C, 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴𝑁 is calculated as ≈ 29.08 (Appendix A.2), which when 
annealed phase separates forming alternating lamellae. (Figure 1-4) In general, the blocks 
of the block copolymer show preferential interaction with the substrate surface and the free 
surface. The PMMA block has a higher affinity to the silicon substrate while the PS block 
has a slightly higher affinity to the free surface, air. 87 This preferential interaction will 
force the segregation of the PMMA block to the substrate while the PS block to the surface. 
88-90 The preferential interactions influence the orientation of the domains parallel to the 
substrate. Preventing this preferential interaction of one block to the substrate can be 
achieved by having a chemically neutral surface, therefore, neither block of the copolymer 
is segregated to the neutral surface, and lamellar is formed perpendicular to the surface. 
The resulting morphology has the feature of a fingerprint. (Figure 3-1).  
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The PS-b-PMMA diblock copolymer exhibited lamellae morphology. The domain 
period was measured in the FE-SEM 6 times with an average bulk period of ~31 nm. Using 
calculations based on the assumption that the PS-PMMA Flory-Huggins interaction 
parameter, 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴  ≈ 0.0397, we got the domain period of  ~ 30 nm (Appendix A.3). 
This validates that the FE-SEM image is the phase separation of the block copolymer used. 
Figure 3-1 shows the FE-SEM image for this PS-b-PMMA block copolymer. This FE-
SEM result is consistent with expected morphologies based on the volume fractions 
estimated by Polymer Source Inc (Table 2-1).  
 
Figure 3-1: FE-SEM image of PS-b-PMMA thin film thermally annealed on a 
modified silicon substrate showing lamellae (fingerprint) features with ~30nm 
equilibrium periodicity.  
This shows that when PS-b-PMMA samples are spin-coated on modified silicon 
substrates, they form vertically aligned lamellae. In the present work, the dark areas in the 
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FE-SEM image indicate the PMMA domains while the bright areas are the PS domains as 
viewed from the top. It was found that in order to successfully control the domain 
orientation of the block copolymer into perpendicular lamellae, several factors need to be 
considered. Here the report on how different substrate treatment affects domain orientation 
of the block copolymer thin film was made.  Furthermore, the thickness of the polymer 
template was successfully controlled by changing the block copolymer concentration or 
the spin coating rate. An unmodified silicon substrate with native oxide was used as the 
control substrate. 
3.2 Effect of Film Thickness on Lamellar Orientation 
Block copolymer orientation is known to depend on: the surface interaction 
between the blocks of the block copolymer and the substrate, and the average as-cast film 
thickness (𝑡𝑎𝑣𝑔). 
87 As reported in the previous chapter, when a block prefers a particular 
interface, such block has a preferential interaction with this particular interface. This 
preferential interaction causes the block copolymer domains to orient parallel to the 
substrate. 88, 89 In the case of the symmetric lamellae-forming block copolymer, there can 
be different blocks wetting the substrate and the free space (air), or the same block wetting 
the substrate and the free space (air). For PS-b-PMMA block copolymer, PMMA block 
wets the substrate (bottom) and could have either the PS block wetting the free surface 
(top) or the PMMA block wetting the free surface (top). When different blocks wet the 
substrate and the free space, it is called the asymmetric wetting condition (Figure 3-2a), 
while when the same block wets the substrate and the free space, this is called the 
symmetric wetting condition (Figure 3-2b). For asymmetric wetting condition, the 
equilibrium film thickness (t) is half-integer multiples of the equilibrium periodicity (𝐿𝑜); 
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while for symmetric wetting condition, the equilibrium film thickness (t) is integer 
multiples of the equilibrium periodicity (𝐿𝑜). 
91  
 
Figure 3-2: Idealized block copolymer wetting behavior on substrates: (A) 
Asymmetric wetting condition (The green block wet the substrate while the red block 
wet the free surface). (B) Symmetric wetting condition (The red block wet both the free 
surface and the substrate). (C) Neutral wetting (Both the green block and the red block 
wet both the free surface and the substrate). Reprinted by permission from Springer 
Nature: Springer, Chinese Journal of Polymer Science. 2016, 34(6), 659 – 678. 
Copyright 2016.  
If one of the blocks has a preferential interaction with the substrate, islands or holes 
will be formed if the as-cast film thickness is not about the preferred film thickness. Hence 
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the formation of islands or holes is dependent on the film thickness.  For asymmetric 
wetting condition, holes form when the average as-cast film thickness, 𝑡𝑎𝑣𝑔, is between 
𝑛𝐿𝑜 and (𝑛+0.5)𝐿𝑜; while islands form when the average as-cast film thickness, 𝑡𝑎𝑣𝑔, is 
between (𝑛 − 0.5)𝐿𝑜 and 𝑛𝐿𝑜, where n is an integer.  However, for symmetric wetting 
condition, holes form when the average as-cast film thickness, 𝑡𝑎𝑣𝑔, is between (𝑛 −
0.5)𝐿𝑜 and 𝑛𝐿𝑜; while islands form when the average as-cast film thickness, 𝑡𝑎𝑣𝑔, is 
between 𝑛𝐿𝑜 and (𝑛+0.5)𝐿𝑜. 
87 The height and depth of islands and holes is one 𝐿𝑜. 
To calibrate the spin speed and concentration to get the desired thickness, we varied 
the polymer solution concentration and the spin coating speed. The film thicknesses were 
measured by ellipsometry before thermal annealing. The mean square error (MSE) for 
these measurements range from 0.307 to 3.844 (𝑛𝑚2). The error in the measured thickness 
may be due to not using the best model to describe the sample. 
 
Figure 3-3: Average as-cast film thickness as a function of the polymer solution 
concentration and spin coating speed.  
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We confirmed that the average as-cast film thickness increases as the block 
copolymer concentration increases or the spin coating speed decreases. (Figure 3-3) 
For a preferential wetting condition, when the average as-cast film thickness is 
about an integer multiple of the equilibrium periodicity for symmetric wetting or the 
average as-cast film thickness is about half-integer multiple of the equilibrium periodicity 
for asymmetric wetting, the film surface is flat and featureless. An average as-cast 
thickness of 38.27 nm = 1.28𝐿𝑜, 73.81 nm = 2.46𝐿𝑜, and 77.92 nm = 2.60𝐿𝑜, all gave flat, 
featureless film surfaces.   
 
Figure 3-4: FE-SEM images of PS-b-PMMA thin films (a) 22.82 nm; (b) 38.37 nm; 
(c) 54.22 nm; (d) 62.66 nm.  
 
(a) (b) 
(c) (d) 
Thickness: 22.82nm = 0.76𝐿𝑜 
Mixed Morphology (Island + Lamellae) 
 
Thickness: 38.37nm = 1.28𝐿𝑜 
Flat and Featureless Morphology 
 
Thickness: 62.66nm = 2.09𝐿𝑜 
Holes Morphology 
 
Thickness: 54.42nm = 1.81𝐿𝑜 
Island Morphology 
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2.46𝐿𝑜 and 2.60𝐿𝑜, both about 2.50𝐿𝑜, suggest asymmetric wetting conditions with 
the PMMA block at the substrate while the PS block at the free surface. FE-SEM image of 
a flat and featureless morphology with an average as-cast thickness of 38.27 nm is shown 
in Figure 3-4(b). However, the average as-cast thickness of 38.27 nm = 1.28𝐿𝑜 
corresponds to regions of holes surface topography for asymmetric wetting which is not 
consistent with the result.  
For a non-preferential substrate, the perpendicular orientation of the block 
copolymer domains is driven by the chain conformation effect. 91 If the average as-cast 
thickness is less than the equilibrium periodicity, mixed or complicated morphologies have 
been reported to appear. 92 This is also what is observed for an average as-cast thickness of 
22.82 nm = 0.76𝐿𝑜 Figure 3-4(a), it shows lamellae on top of islands. Because the film is 
confined to less than one equilibrium periodicity, 𝐿𝑜,  it does something different.  
For an average as-cast thickness greater than the equilibrium periodicity, if the 
average as-cast thickness is not an integer multiple of the equilibrium periodicity, holes 
and islands are formed. 93 We observed holes surface topography at the air interface for an 
average as-cast thickness of 62.66 nm = 2.09𝐿𝑜,  and an average as-cast thickness of 53.75 
nm = 1.79𝐿𝑜 (Figure 3-4(d)). We also observed island surface topography at the air 
interface for an average as-cast thickness of 54.42 nm = 1.81𝐿𝑜 (Figure 3-4(c)). 
When the average as-cast thickness goes off from (𝑛 + 0.5)𝐿𝑜 for asymmetric 
wetting conditions, in order for the morphology to orient parallel to the substrate, islands 
or holes are formed. Islands or holes formation depends on the careful balance of surface 
energy. The formation of islands or holes increases the free interfacial surface area while 
placing the preferential block, this case, the PMMA block on the substrate. This increase 
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in the free interfacial surface energy has an increased penalty associated with it. As the 
number of islands or holes increases, this increased penalty causes the morphology to orient 
perpendicularly to the substrate, eliminating the extra surface area. This ordering places 
the less preferential block, this case, the PS block, onto the substrate, which has a penalty 
associated with it. This penalty interplay depends largely on substrate interaction. The more 
neutral the substrate is for the blocks, the lesser the penalty of placing the less preferential 
block unto the substrate, the more likely the morphology will eliminate islands or holes 
topography forming perpendicular orientation.  In general, the most islands or holes 
morphology exists around (𝑛 + 0.25)𝐿𝑜 or (𝑛 − 0.25)𝐿𝑜, this is where perpendicular 
orientation is most likely going to occur (Figure 3-2). 
Maximizing the forming of perpendicular orientation by creating a more neutral 
underlayer and controlling the average as-cast thickness is done. Creating a more neutral 
underlayer using: (I) binary blend of hydroxyl-terminated homopolymers of the block 
copolymer, (II) PMMA brush inserted into a PS brush layer, and (III) hydrogen fluoride 
(HF) to passivate the silicon substrate surface was investigated. 
3.3 Effect of Using Binary Blend of Hydroxyl-Terminated Homopolymers 
Treatment on Lamellar Orientation 
In an attempt to neutralize the surface interactions, a binary blend of hydroxyl-
terminated homopolymers of the block copolymer (PS-OH and PMMA-OH) was grafted 
to the silicon surface. (Figure 3-5) The hydroxyl-terminated homopolymers were blended 
in different ratios. The sessile contact angle of the unmodified control substrate surface is 
found to be 30.6 ± 2.4°. That of the substrate modified with purely PMMA-OH was found 
to be 65.7 ± 1.2°, consistent with reported values of 62.8 ± 1.0° by Liu and 64.9 ± 1.0° by 
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Ji. 55,57 The contact angle for purely PS-OH is found to be 88.8 ± 0.6°, consistent with 
reported values of 93.0 ± 0.7° by Ji and 88.42 ± 0.28° by Kwok 55,94. 
 
Figure 3-5: Schematic illustration of the preparation of neutral homopolymer brush 
substrate by homopolymer blend for the directed self-assembly of well-oriented 
perpendicular lamellar PS-b-PMMA. (a) functionalizing SiO2 by using a blend of PS-
OH and PMMA-OH forming brushes through thermal annealing; (b) perpendicular 
lamellar PS-b-PMMA on functionalized SiO2 surface with PS-OH and PMMA-OH 
brushes (neutral substrate for PS-b-PMMA).  
Telescopic images of a deionized water drop, which were used to measure static 
contact angles, on unmodified, PMMA-OH modified, and PS-OH modified silicon 
substrate are shown in Figure 3-6 (a) – (c). 
 
Figure 3-6: Telescopic images of the deionized water drop on (a) unmodified silicon 
substrate with native oxide; (b) purely PMMA-OH modified silicon substrate, and (c) 
purely PS-OH modified silicon substrate.  
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PMMA-OH 
PS-b-PMMA 
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The results show that for the unmodified silicon substrate is strongly hydrophilic 
as the deionized water drop spread out on the substrate water. This makes more hydrophilic 
PMMA block attracted to the silicon substrate interface while the PS block and PMMA 
jointly attracted to the air interface, away from the hydrophilic silicon substrate. 
Neutralizing the surface interaction, the interactions of the surface with both the 
hydrophilic block, PMMA, and the hydrophobic block, PS, are balanced, hence the chain 
conformation drives the morphology to a perpendicular orientation. 91 The contact angles 
of the various blend ratios are in between those of PMMA-OH (~66) and PS-OH (~89°). 
(Figure 3-7). 
 
Figure 3-7: The static water contact angle of silicon substrates modified by binary 
homopolymer blend brushes.  
As the PS volumetric fraction is increased in the binary homopolymer blend, 
unmodified brush, the contact angle with water of the modified brush formed increases, 
this is due to the lower hydrophobicity of PS with respect to PMMA polymer.  
60
65
70
75
80
85
90
95
0% 20% 40% 60% 80% 100%
C
o
n
at
ct
 A
n
g
le
(°
)
PS-OH Binary Blend
52 
To determine the PS-OH: PMMA-OH blend ratio with a neutral composition where 
non-preferential wetting occurs, lamellae forming block copolymer, PS-b-PMMA, was 
prepared on the various blend ratios.  
 
Figure 3-8: FE-SEM images of PS-b-PMMA thin film on the silicon substrate 
modified with homopolymer brush of PS-OH: PMMA-OH blend ratio (a) 35% PS:65% 
PMMA; (b) 30% PS:70% PMMA; (c) 25% PS:75% PMMA; and (d) 20% PS:80% 
PMMA.  
Figure 3-8 (a) – (d) shows the film surfaces are flat and featureless for the block 
copolymer, PS-b-PMMA. At the PS-OH: PMMA-OH blend ratio of 15%:85%, poorly 
formed fingerprint patterns are seen mostly around regions with topography differences. 
(Figure 3-9 (a)). This presumably indicates the blend ratio was not energetically neutral to 
PS-b-PMMA, but it suggests it was the closest to energetically neutral. 
(b) (a) 
(c) (d) 
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In Figure 3-9 (b), results show that for the PS-OH: PMMA-OH blend ratio of 
12%:88%, these poorly formed fingerprint patterns are only seen around the edges of 
regions with topography difference while the background area was almost featureless.  
 
Figure 3-9: FE-SEM images of PS-b-PMMA thin film on the silicon substrate 
modified with homopolymer brush of PS:PMMA blend ratio (a) 15% PS:85% PMMA; 
(b) 12% PS:88% PMMA; and (c) 10% PS:90% PMMA.  
Results show a transition from very poorly formed fingerprint patterns around the 
edges of regions with topography differences, Figure 3-9 (b), to a largely featureless 
surface, Figure 3-9 (c). This suggests the closest to energetically neutral substrate is about 
15% PS:85% PMMA; while, as the blend ratio of PMMA increases to 1.0, featureless 
topography suggests it preferentially wetting the PMMA block. 
(a) (b) 
(c) 
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The preparation of a neutral brush layer using pure homopolymer blends was not 
successfully accomplished. This is largely due to the occurrence of the spinodal 
decomposition of immiscible polymer blends, this demixing of the homopolymers is then 
accompanied by phase segregation. 58 This phase segregation promotes PMMA to the 
surface of the silicon substrate leading to less PS grafting to the silicon substrate. However, 
the contact angle measurement (Figure 3-7) shows more PS grafting unto the substrate 
than PMMA. This is not consistent with other reported results. 55,57,58 This suggests most 
of the PMMA are grafted onto the substrate on both ends, while the PS is grafted on one 
end. This reduces the PMMA brush length with PS brush sticking higher than the PMA 
brush. This grafting scheme provides unbalanced surface energy despite an indication of 
the contact angle difference with blend ratios. The asymmetry in the contact angle interval 
is due to most of the PMMA-OH grafting on both ends; as more PMMA-OH is added to 
the blend ratio, there is very little change in contact angle. This is not consistent with the 
result obtained by Nealey et al. 55 Using Near Edge X-ray Absorption Fine Structure 
(NEXAFS) characterization, they studied the preferential grafting of PMMA-OH and 
found out the weight % PS in the homopolymer feed is lower than the weight % PS found 
in the brush. They showed that at a fixed PS-OH: PMMA-OH blend ratio of 50% PS:50% 
PMMA, the weight % PS found in the brush composition was about 7% PS:93% PMMA. 
This result suggests both the PMMA-OH and the PS-OH grafted onto one end  
To inhibit the phase separation of the homopolymers blends, several strategies have 
been adopted. Nealey et al. 55 and Anastasiadis et al. 95, used a low-molecular-weight A-b-
B block copolymer to compatibilize a homopolymer blend of homopolymers A and B. The 
block copolymer was not large enough to microphase-separate as it prevents macroscopic 
phase separation of the homopolymer blend by homogenizing the mixing of the 
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homopolymer blend before grafting unto the substrate. Nealey et al. 55 reported an increase 
in the weight % PS found in the brush composition to as high as about 68% PS:32% PMMA 
for a fixed PS-OH: PMMA-OH blend ratio of 50% PS:50% PMMA. This concludes that 
the presence of the block copolymer suppresses the preferential grafting of PMMA-OH 
and promotes a more homogenous grafting of PS-OH and PMMA-OH. 
Other strategies adopted to control the dewetting and phase separation of the 
homopolymer blends include performing the grafting of homopolymer blends at high-
temperatures and short-time 58, inserting the PMMA brush into the PS brush layer 57. For 
the purpose of simplicity, the insertion of the PMMA brush into the PS brush layer was 
attempted here. 
3.4 Effect of PMMA Brush Insertion into The PS Brush Layer Treatment on 
Lamellar Orientation 
In this strategy, the dewetting and phase separation of the homopolymers blends is 
controlled by using two consecutive grafting steps. 57  
 
Figure 3-10: Schematic illustration of the preparation of neutral homopolymer brush 
substrate by PMMA brush insertion for the directed self-assembly of well-oriented 
perpendicular lamellar PS-b-PMMA. (a) functionalizing SiO2 by using PS-OH through 
thermal annealing; (b) insertion of PMMA-OH brushes into PS brush layer through 
thermal annealing; (c) perpendicular lamellar PS-b-PMMA on functionalized SiO2 
surface with PS-OH and PMMA-OH brushes.  
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In the first step, the PS-OH homopolymer is grafting unto the silicon substrate 
forming a PS brush layer. In the second step, the PMMA-OH homopolymer is inserted into 
the PS brush layer.  Figure 3-10 illustrates these steps. From Figure 3-11, results show 
that the insertion of PMMA-OH into PS-layer the first time (second column from the left) 
makes no difference in the static contact angle measurement for pure PS brush layer (first 
column from the left). 
 
Figure 3-11: The static water contact angle of PS brush substrates modified by 
PMMA-OH insertion.  
As the number of times PMMA brush is inserted into the PS brush layer increase, 
there is a small decrease in the static contact angle measurement for pure PS brush layer, 
but this is not close to the static contact angle measurement for pure PMMA brush layer 
(first column from the right). This suggests that the amount of PMMA brush that could 
penetrate through the PS brush layer and graft onto the substrate is small. Using NEXAFS 
characterization, Himpsel et.al. showed that this amount of PMMA brush layer penetrating 
depends on the initial PS brush layer thickness.57 As the PS brush thickness increases, 
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PMMA-OH will find it difficult to penetrate the PS brush to graft unto the substrate. 
According to Himpsel et. al., 57 a PS-OH homopolymer of molecular weight, Mn = 9.5 
(𝑘𝑔 𝑚𝑜𝑙)⁄  will obtain a PS brush chain density of 0.34 (𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2)⁄ ; while a PMMA-
OH homopolymer of molecular weight, Mn = 9.5 (𝑘𝑔 𝑚𝑜𝑙)⁄  will obtain a PMMA brush 
chain density of 0.06 (𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2)⁄  in a PS brush layer favoring PS-preferential wetting. 
This is consistent with the contact angle measurement results.  They showed that for a non-
preferential wetting, the molecular weight, Mn, of the PS brush layer has to be slightly less 
than 8 (𝑘𝑔 𝑚𝑜𝑙)⁄ .  
 Grafting PS brush unto PMMA brush layer was also done and the result showed an 
increase in the static contact angle from 65° to 89°, thus also suggesting that most of the 
PMMA are grafted onto the substrate on both ends, while the PS is grafted on one end. 
With the insertion of PMMA brush into the PS brush layer not successfully accomplished, 
the preparation of a neutral layer was done using Hydrofluoric acid (HF) passivation of 
silicon substrates.  
3.5 Effect of Hydrogen Fluoride Passivation Treatment on Lamellar Orientation 
Hydrofluoric acid (HF) passivation of silicon substrates has been reported to create 
a neutral surface for polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA). 59,60 The 
native oxide layer on the silicon substrate is removed by etching with hydrofluoric (HF) 
acid via the reaction 61  
𝑆𝑖𝑂2  +  4 𝐻𝐹 →  𝑆𝑖𝐹4  +  2 𝐻2𝑂 
In this thesis, the native oxide silicon layer was etched with a 40 -45 % hydrofluoric 
acid (HF) aqueous solution for 15 minutes. Upon etching, the value of the sessile contact 
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angle was found to be 58.2 ± 2.4° for an HF-etched silicon substrate, from 30.6 ± 2.4°, for 
a silicon substrate with native oxide, Figure 3-12. 
 
Figure 3-12: Static water contact angle of the silicon substrate before and after HF 
Etching.  
The increase in the value of the contact angle reflects the increase in the 
hydrophobicity of the surface following the etching of the native oxide layer on the silicon 
substrate, Figure 3-13. 
 
Figure 3-13: Telescopic images of the deionized water drop on (a) the silicon 
substrate before HF passivation; (b) the silicon substrate after HF Passivation.  
The block copolymer (PS-b-PMMA) thin films were prepared by spin-casting the 
polymer solution (anisole solvent) on a hydrophobic, HF-etched silicon substrate and 
annealing for 48 hours at 160°C.  
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Figure 3-14: FE-SEM images of ~49nm PS-b-PMMA thin film on the silicon substrate 
etched in HF for (a) 15minutes; (b) 60 minutes; and (c) 120 minutes.  
Results show a mixed lamellar orientation, partial fingerprint patterns combined 
with parallel lamellae suggests that the HF-etched silicon substrate was not energetically 
neutral to PS-b-PMMA; and more likely to be preferentially wet by the PMMA block due 
to the similarity in the contact angle measurements, 58.2 ± 2.4° for an HF-etched silicon 
substrate and 65.7 ± 1.2° for purely PMMA homopolymer grafted to the substrate. This 
mixed lamella orientation is presumably due to incomplete etching with HF, Figure 
3-14(a). 
The etching time was increased from 15 minutes to 1 hour, Figure 3-14(b), and 
then 2 hours, Figure 3-14(c), to achieve somewhat complete etching. A transition from 
(a) (b) 
(c) 
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mixed lamellar orientation to a parallel (featureless) orientation was observed as the 
etching time increased. For the remainder of this thesis, ordering PS-b-PMMA orientation 
was done by HF etching for 15 minutes.  
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CHAPTER 4 
 
POLYMER NANOCOMPOSITE CO-ASSEMBLY 
 
4.1 Introduction 
Nanoparticle dispersion in polymer matrixes is an important factor that determines 
the properties of the polymer nanocomposites; hence it is desirable to form hybrid 
structures nanoparticle arrangements. Controlling inorganic nanoparticles’ dispersion in a 
polymer matrix is challenging as they tend to aggregate.  An effective strategy to 
overcoming this difficulty is to modify the surface of the nanoparticles with ligands, which 
are compatible with the matrix. Polymer chains are covalently grafted onto the particle 
surface facilitating the particle’s miscibility with the polymer matrix. The “grafting to” 
method was used in this thesis. This method uses a group functionality at the end of the 
polymer chain to interact with a complimentary group functionality at the surface of the 
nanoparticles. The “grafting to” method offers the advantage of being relatively easy when 
compared to other forms of grafting, but this method has the drawback of a comparatively 
low grating density. (Section 2.2) 
This study explores the top-down morphology of poly(styrene-b-methyl 
methacrylate) (PS-b-PMMA) nanocomposite films containing hydroxyl-terminated 
poly(styrene-b-methyl methacrylate) functionalized SiO2 nanoparticles prepared by the 
thermal annealing.  
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4.2 Surface Modification of Silicon dioxide (SiO2) Nanoparticles with Various 
Hydroxyl-Terminated Poly(styrene-b-methyl methacrylate) via “Grafting to” 
Approach 
SiO2 nanoparticle surface was modified with brushes of hydroxyl-terminated 
poly(styrene-b-methyl methacrylate) diblock copolymers,  HO-PS-b-PMMA (PS core) and 
Br-PS-b-PMMA-OH (PMMA core) were used (Table 2-1).  
Thermogravimetric analysis (TGA) of the functionalized nanoparticles was 
performed to determine the average grafting density. The experiments were conducted at a 
scan rate of 10°C/min up to 600 °C in air. 
 
Figure 4-1: Weight loss and derivative of weight loss of HO-PS-b-PMMA (PS-core) 
grafted nanoparticles heated at 10°C/min from 20 to 600°C. 
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The weight loss curve of HO-PS-b-PMMA (PS-core) grafted nanoparticles is 
shown in Figure 4-1, while the weight loss curve of Br-PS-b-PMMA-OH (PMMA-core) 
grafted nanoparticles is shown in Figure 4-2.  
 
Figure 4-2: Weight loss and derivative of weight loss of Br-PS-b-PMMA-OH 
(PMMA-core) grafted nanoparticles heated at 10°C/min from 20 to 600°C. 
The initial drop in weight is due to the residual solvent. The grafted polymer starts 
rapidly degrading around 300°C and fully decomposes around 500°C. This agrees with the 
thermal degradation temperature of PS (270°C to 425°C) reported by Pfaffli et al. 96 and 
that of PMMA (300°C to 500°C) reported by Hirata et al. 97   
The average grafting densities of the grafts were calculated using the measured 
weight fractions of the hydroxyl-terminated poly(styrene-b-methyl methacrylate) diblock 
copolymers grafts by TGA to estimate the total number of polymer chains in the sample 
and using an assumed average particle diameter 10 ± 5 nm to calculate the total surface 
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area of the nanoparticles in the sample. The assumptions that the density of SiO2 
nanoparticles is the same as the density of amorphous SiO2 (2.2 (𝑔 𝑐𝑚3)⁄  and no weight 
loss occurs from the SiO2 nanoparticles before grafting the hydroxyl-terminated 
poly(styrene-b-methyl methacrylate) were also used. The average grafting density of PS-
core grafted nanoparticles was determined to be ~ 0.04024 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  (Appendix A.4). 
To get the chain/area, the grafting density divide 1, (
1
0.04024
), to give 1 𝑐ℎ𝑎𝑖𝑛 24.85 𝑛𝑚2⁄ . 
To get the chain/length, the square root of the chain/area is taken, this corresponds to 
1 𝑐ℎ𝑎𝑖𝑛 4.985 𝑛𝑚⁄ . The average grafting density of PMMA-core grafted nanoparticles 
was determined to be ~ 0.01712 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  (Appendix A.5), this corresponds to 
1 𝑐ℎ𝑎𝑖𝑛 7.643 𝑛𝑚⁄  using the same calculation as above. To calculate the number of 
chains/NP, we multiplied the average grafting density by the total surface area of a 10 nm 
diameter nanoparticle to give ~ 12 𝑐ℎ𝑎𝑖𝑛𝑠 𝑁𝑃⁄  for “PS-core” and ~ 5 𝑐ℎ𝑎𝑖𝑛𝑠 𝑁𝑃⁄  for 
“PMMA-core”.  
The grafting density is larger for PS-core despite PMMA having more preference 
to the silicon nanoparticle. This is probably due to the following reasons: (a) the PS-core 
had more grafting cycles, 5 grafting cycles against 3 grafting cycles PMMA-core; (b) PS-
core has a much lower molecular weight, 𝑀𝑛(71,000 𝑔 𝑚𝑜𝑙⁄ ) than the PMMA-core 
𝑀𝑛(88,000 𝑔 𝑚𝑜𝑙⁄ ), which would lead to the PS-core having a much shorter radius of 
gyration enabling the grafted chains to pack more. 
A higher grafting density was not achieved as anticipated. This is largely due to the 
steric hindrance limitation of this grafting approach as the polymer chains must diffuse 
through the already grafted polymer chains to reach the surface of the nanoparticle. Using 
an estimate for the bond length between two carbon-carbon single bonds, 𝑙 =  0.252𝑛𝑚, 
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the radius of gyration, 𝑅𝑔, of a PMMA-core grafted chain is calculated as ~3.018𝑛𝑚 
(Appendix A.6.2) gives a chain diameter of ~6.036𝑛𝑚 around a 10 nm spherical SiO2 
nanoparticle, which implies that the average polymer chains’ most densely packing on the 
surface of the nanoparticle is 1 𝑐ℎ𝑎𝑖𝑛 6.036 𝑛𝑚⁄  diameter which is close to the 
1 𝑐ℎ𝑎𝑖𝑛 7.643 𝑛𝑚⁄  calculated from the average grafting density of the PMMA-core. The 
result shows that although the most densely packing was not reach, the graft obtained is 
close to the optimum packing. Figure 4-3 shows the average packing for PS-core grafted 
nanoparticles and the PMMA-core grafted nanoparticles.  
 
Figure 4-3: Average packing schematic showing the average distance between 
particles on the particle surface for (a) PS-core grafted nanoparticles; (b) PMMA-core 
grafted nanoparticles. 
Using the same method, the radius of gyration, 𝑅𝑔 for the PS-core is calculated as 
~2.716𝑛𝑚, giving a chain diameter of ~5.432𝑛𝑚 around a 10 nm spherical SiO2 
(Appendix A.6.1). The average polymer chains’ most densely packing for the PS-core 
nanoparticles about 1 𝑐ℎ𝑎𝑖𝑛 5.432 𝑛𝑚⁄  diameter, which is close to 1 𝑐ℎ𝑎𝑖𝑛 4.985 𝑛𝑚⁄  
calculated from the average grafting density of the PS-core; showing that we are just about 
the optimum packing for the PS-core grafted nanoparticles. At the optimum grafting 
density, grafting becomes sterically hindered, preventing ungrafted chains from interacting 
with the surface of the nanoparticles thereby setting the grafting limitation. The calculated 
4.985 nm 
7.643 nm (a) (b) 
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distance between particles (~5.484𝑚)  seems larger that the most densely parking for the 
PS-core (~5.974𝑛𝑚), the error may be due to the estimation made in calculating the bond 
length between two carbon-carbon single bonds.  
4.3 Co-assembly of PS-b-PMMA with Br-PS-b-PMMA-OH 
Studies were done on the surface morphology of PS-b-PMMA nanocomposite films 
containing hydroxyl-terminated poly(styrene-b-methyl methacrylate) (Br-PS-b-PMMA-
OH), “PMMA-core” functionalized SiO2 nanoparticles. The main result of this study is the 
interaction between the PMMA-core grafts and the PMMA domains, and the preferential 
interaction between the PMMA domain and the silicon nanoparticles causes the “PMMA-
core” functionalized nanoparticles to segregate into the PMMA domain as hypothesized, 
Figure 4-4.  
 
Figure 4-4: Schematic for the co-assembly of PS-b-PMMA with Br-PS-b-PMMA-OH 
(PMMA-core). (Orange domain is the PS domain; the green domain is the PMMA 
domain). 
As mentioned above, grafting polymer brushes onto the surface of the nanoparticles 
can control their dispersion in polymer matrices. PS-b-PMMA thin film with no SiO2 
nanoparticle was used as a control to identify the difference with when nanoparticles are 
incorporated, Figure 4-5(a). PS-b-PMMA thin film incorporated with unfunctionalized 
SiO2 nanoparticles was also used as a control to identify the effect of Br-PS-b-PMMA-OH 
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(PMMA-core) grafting onto the surface of the nanoparticles. Results show that the 
nanoparticles are incorporated into the polymer matrix.  
 
Figure 4-5: FE-SEM images of the co-assembly of ~49nm PS-b-PMMA thin film on 
the silicon substrate etched in HF for 15 minutes: (a) with no SiO2 nanoparticle; (b) 
with unfunctionalized SiO2 nanoparticles; (c) with Br-PS-b-PMMA-OH (PMMA-core) 
functionalized SiO2 nanoparticles. (Lighter domain is the PS domain while the darker 
domain is the PMMA domain).  
However, for PS-b-PMMA thin film incorporated with unfunctionalized SiO2 
nanoparticles, there are very few nanoparticles that successfully dispersed and incorporated 
into the polymer matrix. These are the small very bright spots within the darker domain. 
Figure 4-5(b). This suggests that due to the preferential interaction of the PMMA block 
and the SiO2 nanoparticles, these unfunctionalized nanoparticles will go into the PMMA 
(darker domain). There are larger unfunctionalized nanoparticles, larger than the domain 
size of the polymer, that aggregates to reduce free energy due to their high surface area and 
(a) (b) 
(c) 
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surface energy leading to phase separation into phases, where the aggregation of 
nanoparticles does not interact with the polymer matrix.  
To study the influence of grafting on dispersion and aggregate formation, the area 
of particles (Aparticle) prior to and after grafting was investigated. Aparticle refers to the area 
covered by particles in the top-down SEM image. To measure Aparticle, images of a good 
representation of the particles sizes as a function of loading fraction were selected using 
fuzzy select in GIMP (version 2.10.14) to select each particle. While dragging the particle 
selected, as the next step selected things outside the particle selected, we went back one 
step and picked that as the particle cut-off. Each measured area (in pixels) was multiplied 
by the area(nm2)/pixel of the specific image selected to get each particle area which is then 
summed to get the total particle area of the selected image. The top-down area of a 10 nm 
diameter (taken as the average particle diameter) spherical nanoparticle is calculated as ≈
78.6 𝑛𝑚2. The approximate number of particles that Aparticle corresponds to (Nparticle) if the 
particles are arranged in a plane, is equal to Aparticle/78.6 nm
2. The restriction of particles 
arranged into a plane is necessary because we do not have access to any depth or volume 
information. The limitation of the top-down area measurement assumes that the particles 
are arranged on a plane, that is, 10 NPs means 10 NPs arranged in a plane. The Aparticle 
values were divided into various classes (≤ 78.6, (78.6, 786], (786, 1964], (1964, 3927], 
(3927, 7854], >7854) nm2, corresponding to various numbers of particles, Nparticle (≤1, 
1<Nparticle≤10, 10<Nparticle≤25, 25<Nparticle≤50, 50<Nparticle≤100, 100<Nparticle) respectively. 
For each selected image, each class of particle area was divided by the total particle area 
and plotted as a histogram.   
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Figure 4-6: SiO2 nanoparticle area distribution for PMMA-core in the PS-b-PMMA: 
12.74% wt. of GBCP-NP vs 10% wt. of unfunctionalized nanoparticles.  
Figure 4-6 shows that for 12.74 wt.% of GBCP-NP for PMMA-core, 85% of the 
total particle area corresponds to small aggregates of 1 – 10 nanoparticles arranged in a 
plane as compared to 17.6% of the total particle area corresponding to small aggregates of 
1 – 10 nanoparticles arranged in a plane for 10 wt.% of nanoparticles with no grafts. When 
comparing larger aggregates, 12.74 wt.% of GBCP-NP for PS-core did not have aggregates 
corresponding >25 nanoparticles arranged in a plane while more than 4/5 of the total 
particle area for 10 wt.% of nanoparticles with no grafts have aggregates corresponding 
>25 nanoparticles arranged in a plane. This indicates that at lower loading fraction, the 
dispersion is better with the grafts as they don’t aggregate as much but when they do, they 
are smaller aggregates of about 1 – 10 nanoparticles arranged in a plane.   
Bigger aggregates are formed for the nanoparticles with no grafts as these 
nanoparticles tend to aggregate due to their low compatibility with PS-b-PMMA. This 
suggests that surface modification of the particles increased compatibility with PS-b-
PMMA, improving the dispersion. Since the grafted polymer chains are compatible with 
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the polymer matrix, it is possible that this compatibility drives particles with grafted chains 
on its surface to break-off from aggregates reducing the sizes of the aggregates formed. 
Figure 4-5(c) shows that the grafting of nanoparticles with PS-b-PMMA copolymer seems 
to increase compatibility with copolymer matrix due to the presence of similar blocks in 
both, improving dispersion of SiO2 nanoparticles. In Figure 4-6(c), the nanoparticles are 
inserted into a domain (darker domain) as they don’t aggregate much so the particles are 
able to be incorporated in the darker region. The nanoparticles with no grafts aggregate 
badly with most aggregates bigger than the polymer matrix repeat distance of ~30nm. 
Hence, the nanoparticles with no grafts are incorporated in between regions with no 
lamellae in between them. 
4.4 Co-assembly of PS-b-PMMA with HO-PS-b-PMMA 
Studies were done on the surface morphology of PS-b-PMMA nanocomposite films 
containing hydroxyl-terminated poly(styrene-b-methyl methacrylate) (HO-PS-b-PMMA), 
“PS-core” functionalized SiO2 nanoparticles.  
 
Figure 4-7: Schematic for the co-assembly of PS-b-PMMA with HO-PS-b-PMMA 
(PS-core): (a) Hypothesized co-assembly; and (b) Actual co-assembly. (Orange domain 
is the PS domain; the green domain is the PMMA domain). 
The main result of this section is the preferential interaction between the PMMA 
domain, and the silicon nanoparticles dominate causing the “PS-core” functionalized 
(a) (b) 
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nanoparticles to segregate into the PMMA domain contrary to the hypothesized PS domain. 
Figure 4-7. 
 
Figure 4-8: FE-SEM images of the co-assembly of ~49nm PS-b-PMMA thin film on 
the silicon substrate etched in HF for 15 minutes: (a) with no SiO2 nanoparticle; (b) 
with unfunctionalized SiO2 nanoparticles; (c) with HO-PS-b-PMMA (PS-core) 
functionalized SiO2 nanoparticles. (Lighter domain is the PS domain while the darker 
domain is the PMMA domain).  
To reduce this aggregation of nanoparticles, HO-PS-b-PMMA (PS-core) was 
grafted onto the surface of the nanoparticles. The goal was to disperse the nanoparticles 
with the PS domain (lighter domain). However, Figure 4-8(c) shows that although the 
aggregation of nanoparticles was reduced, and these nanoparticles were dispersed in the 
PMMA domain (darker domain).  
(a) (b) 
(c) 
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To study the influence of grafting on dispersion and aggregate formation, the area 
of particles prior to and after grafting were investigated using the same method as the 
previous section.   
 
Figure 4-9: SiO2 nanoparticle area distribution for PS-core in the PS-b-PMMA: (a) 
8.72% wt. of GBCP-NP vs 10% wt. of unfunctionalized nanoparticles; (b) 20% wt. of 
unfunctionalized nanoparticles vs 21.80% wt. of GBCP-NP.  
Figure 4-9(a) shows that for 8.72 wt.% of GBCP-NP for PS-core, 3/4 of the total 
particle area corresponds to small aggregates of 1 – 10 nanoparticles arranged in a plane as 
compared to ~1/5 of the total particle area corresponding to small aggregates of 1 – 10 
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nanoparticles arranged in a plane for 10 wt.% of nanoparticles with no grafts. When 
comparing larger aggregates, 8.72 wt.% of GBCP-NP for PS-core did not have aggregates 
corresponding >50 nanoparticles arranged in a plane while 4/5 of the total particle area for 
10 wt.% of nanoparticles with no grafts have aggregates corresponding >50 nanoparticles 
arranged in a plane. This indicates that at lower loading fraction, the dispersion is better 
with the grafts as they don’t aggregate as much but when they do, they are smaller 
aggregates of about 1 – 10 nanoparticles arranged in a plane.  At higher concentration, 
Figure 4-9(b), for 21.80 wt.% of GBCP-NP for PS-core the particle area corresponds to 
small aggregates of 1 – 10 nanoparticles arranged in a plane decreases to 2.2/5 of the total 
particle area. This is still higher than 1/10 of the total particle area for 20 wt.% of 
nanoparticles with no grafts. When comparing larger aggregates, 21.80 wt.% of GBCP-NP 
for PS-core have ~3/10 of the total particle area corresponding to aggregates >50 
nanoparticles arranged in a plane while 4/5 of the total particle area for 20 wt.% of 
nanoparticles with no grafts have aggregates corresponding >50 nanoparticles arranged in 
a plane. Also, at higher loading fraction, the dispersion is better with the grafts. As stated 
in the previous section, bigger aggregates are formed for the nanoparticles with no grafts 
while grafted particles with polymer chains compatible with the matrix could drive the 
dissolution of aggregates. Figure 4-8 shows that the grafting of nanoparticles with PS-b-
PMMA copolymer seems to increase compatibility with copolymer matrix due to the 
presence of similar blocks in both, improving dispersion of SiO2 nanoparticles. In figure 
4-7(c), the nanoparticles are inserted into a domain (darker domain) as they don’t aggregate 
much so the particles are able to be incorporated in the darker region. As mentioned in the 
earlier section, the nanoparticles with no grafts are incorporated in between the darker and 
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lighter regions compared to the nanoparticles with grafts being incorporated in the darker 
region.  
Interesting, though dispersion of particles was significantly improved over 
ungrafted particles, the particles did not arrange in the PS domain, but instead in the PMMA 
domain. It appears that the grafting density (~ 0.04024 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄ ) is not enough to 
orient the particles in the PS domain, but still enough to improve dispersion. This grafting 
density is in general agreement with grafting densities 98-100 reported for similar grafting 
chemistry. Using a lower molecular weight PMMA-b-PCL (PMMA-core) (Mn = 21,500 
g/mol) to graft onto the surface of Fe2O3 nanoparticles. Kortaberria et. al.
 98 attempted to 
disperse these nanoparticles into the PS domain of poly(styrene-b-caprolactone) (PS-b-
PCL) block copolymer with 0.04 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  grafting density. However, it was reported 
that the grafting density is not adequate to assemble the particles in the PS domain despite 
the PMMA core being more compatible with the PS domain, instead, they were in the 
interface between the two blocks. Using a much lower molecular weight PS-SH 
homopolymer (Mn = 3,400 g/mol) to graft onto the surface of gold nanoparticles, Kramer 
et. al. attempted to disperse these nanoparticles into the PS domain of poly(styrene-b-2-
vinyl pyridine) (PS-b-P2VP) block copolymer. 100 P2VP block is a more favorable 
interaction with a bare gold particle surface than does the PS block. It was observed that a 
grafting density of higher than 1.6 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  for PS-coated gold nanoparticles to 
dispersed in PS domains of PS-b-P2VP. This suggests the grafting density we obtained is 
low to assembly the SiO2 nanoparticles in PS domain PS-b-PMMA.  
Due to its preferential interaction with the PMMA domain, 87 the SiO2 prefers to 
disperse in the PMMA domain, while it is favorable for the PS-core of the functionalized 
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nanoparticles (NP-PS-b-PMMA) to be in the PS domain. At higher grafting density, the 
surface of the functionalized SiO2 nanoparticles will be completely shielded by PS chains, 
thus limiting the interaction of the particles with the PMMA domain resulting in the PS-
core grafts interaction with the PS domain dominating and the functionalized nanoparticles 
(NP-PS-b-PMMA) segregating toward the center of the PS domain. However, at low 
grafting density, the nanoparticles are only partially shielded by PS-core ligands, so the 
surface of the functionalized SiO2 nanoparticles will still be exposed to interact with the 
PMMA, allowing the PMMA-SiO2 preferential interaction to dominate and the 
functionalized nanoparticles (NP-PS-b-PMMA) to disperse in the PMMA domain. The 
Flory Huggins interaction parameter between PS and PMMA at 190 °C is determined using 
the Flory Huggins equation as 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 ≈ 0.0397 (Appendix A.2). Since the 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 
is relatively low compared to other block copolymers, it is possible for the energy penalty 
of mixing the PS-core grafts into the PMMA domain is overcome by a strong PMMA-SiO2 
interaction. At a higher grafting density, this energy penalty becomes larger and the PS-
core grafts shield the core reducing the PMMA-SiO2 interaction, allowing the energy 
penalty of the PS-core grafts in the PMMA domain to overcome the PMMA-SiO2 
interaction placing the particles in the PS domains. 
4.5 Influence of Loading Fraction on the Co-assembly of PS-b-PMMA 
Nanocomposite 
As reported in the previous two sections, the “PMMA-core” and the “PS-core” 
functionalized nanoparticles went into the PMMA domain (darker domain). In this section, 
studies on how increasing the loading fraction of the functionalized nanoparticles affect 
the morphology are done.  
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Figure 4-10: SiO2 FE-SEM images of the co-assembly of ~49nm PS-b-PMMA thin 
film on the silicon substrate etched in HF for 15 minutes with HO-PS-b-PMMA 
functionalized SiO2 nanoparticles: (a) 8.72% wt. of SiO2 NP; (b) 17.44% wt. of SiO2 
NP and (c) 21.80% wt. of SiO2 NP. (Lighter domain is the PS domain while the darker 
domain is the PMMA domain). Red circles show larger aggregates. 
 Nanoparticles were observed on the surface of the polymer film as these 
nanoparticles wouldn’t have been seen from a top-down view if they were embedded 
within the polymer film. At smaller loading fraction, the lamellar morphology of the block 
copolymer was not being affected by the presence of nanoparticles.  Aggregates were 
observed near the surface disrupting the morphology locally and these are marked in red 
circles in Figure 4-10. These regions have larger nanoparticles predominantly segregate 
having no lamellae in between them. 
8.72% SiO2 NP 
 
(a) (b) 17.44% SiO2 NP 
 
(c) 21.80% SiO2 NP 
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As the particle loading fraction increases, more nanoparticles are visible in the 
SEM, Figure 4-10(b) and Figure 4-10(c) However, nanoparticle segregation increased 
leading to more large aggregates. The particle size (10 ± 5 nm) are close to half the lamellar 
domain size (~15 nm), an aggregation of two or more particles would result in the domain 
swelling to an extent. Larger aggregates cannot be incorporated into the domain, these 
aggregates are incorporated in between lamellae regions leading to morphology disruption.  
 
Figure 4-11: SiO2 nanoparticle size distribution for PS-core in the PS-b-PMMA: 
8.72% wt.,  17.44% wt. and 21.80% wt. of GBCP-NP.  
As more nanoparticles are added, larger aggregates are formed. Figure 4-11 shows 
that for the 21.80 wt.% GBCP-NPs, large aggregates of >50 nanoparticles contribute to 
29.82% of the total particle area; an increase from 0% for 8.72 wt.% GBCP-NPs. Also, the 
size of these aggregates increases with concentration. For the 8.72 wt.% GBCP-NPs, most 
of these segregated nanoparticles (>25) have an average size was ~1980nm while for the 
21.80 wt.% GBCP-NPs, most of these segregated nanoparticles (>25) have an average size 
was ~4960nm.  
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Figure 4-12: FE-SEM images of the co-assembly of ~49nm PS-b-PMMA thin film on 
the silicon substrate etched in HF for 15 minutes with HO-PS-b-PMMA functionalized 
SiO2 nanoparticles: (a) 8.72% wt.; (b) 13.08% wt.; (c) 17.44% wt. and (d) 21.80% wt..  
As more nanoparticles go into the PMMA domain, this increased nanoparticle 
segregation appears to begin disrupting the morphology locally at ~13.08 wt.% GBCP-NP, 
Figure 4-12(b), probably due to the change in volume fraction among blocks. This is 
promoted by the presence of a higher number of nanoparticles in PMMA domains.  
At lower loading fraction (8.72 wt.% GBCP-NP), it is observed that the 
morphology remains undisrupted even at a longer length scale, Figure 4-12(a). As the 
particle loading fraction increases to 13.08 wt.% GBCP-NP, dark patches at the right side 
of Figure 4-12(b) were observed while the expected morphology is seen at the left side of 
Figure 4-12(b). At 21.80 wt.% GBCP-NP loading fraction, Figure 4-12(d), the number 
8.72% SiO2 NP 
 
(a) (b) 13.08% SiO2 NP 
 
17.44% SiO2 NP 
 
(c) 21.80% SiO2 NP 
 
(d) 
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and sizes of these black patches increases across a large area leaving a small area of the 
expected morphology at the top center of Figure 4-12(d). 
4.6 Influence of High Loading Fraction on the PS-b-PMMA Domain Curvature 
In the previous section, it was shown that the number and sizes of aggregates 
increase with loading fraction. In this section, consideration is given on the interfacial 
curvature effect at increasing nanoparticle loading fraction.  
 
Figure 4-13: FE-SEM images of the co-assembly of ~49nm PS-b-PMMA thin film on 
the silicon substrate etched in HF for 15 minutes with HO-PS-b-PMMA functionalized 
SiO2 nanoparticles: (a) 8.72% wt.; (b) 17.44% wt. and (c) 21.80% wt.. (Lighter domain 
is the PS domain while the darker domain is the PMMA domain). The blue circle 
indicates a very large aggregate while the red circles show an increased degree of 
curvature around aggregates in PMMA domains.  
8.72% SiO2 NP 
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Figure 4-13 shows the top-down morphology for the PS-core nanoparticles with 
aggregates that are larger than the PMMA domain but are incorporated into the PMMA 
domain. Aggregates segregate into the PMMA domain as the loading fraction is increased.  
These poorly functionalized aggregates are the white particles with sizes larger than the 
PMMA domain, these are marked in red circles in Figure 4-13. The light rings and dark 
rings around these particles are PS rings and PMMA rings respectively. 
In lamellae forming BCPs, the interface between blocks have zero curvature. With 
an increase in the volume asymmetry of the blocks, the lamellar morphology becomes 
increasingly unfavorable as the shorter block gets strongly stretched than the longer block. 
The entropic free energy cost of stretching the polymer chains within the longer block 
domain decreases, whereas the entropic free energy cost of stretching the polymer chains 
within the shorter block domain increases. 101 To minimize the total entropic free energy 
of the system, a non-zero interfacial curvature with the convex side towards the shorter 
block is formed resulting in a phase transition from lamellae to cylinders to spheres, as 
shown in Figure 1-5. 
The addition of nanoparticle aggregates into the PMMA domain efficiently 
increases the PMMA domain area while the PS domain area remains the same. At the same 
time, it causes to curve around the particle, placing the PMMA domain on the concave side 
as shown in Figure 4-14(c). This type of curvature that is not normally observed in typical 
diblock copolymer systems. 
It seems there is a competing effect between the actual curvature of the nanoparticle 
aggregates and the increasing volume asymmetry of the blocks. While the curvature of the 
nanoparticle aggregates drives the concave curvature towards the PMMA block, the 
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increasing volume asymmetry of the blocks drives the interfacial curvature to curve 
towards the PS block but is ultimately overcome. This suggests that for poorly 
functionalized aggregates segregates into the PMMA domain, the interface between the 
PS/PMMA domains formed a curved interface with the PMMA domain on the concave 
side to accommodate the size of the aggregate. 
 
Figure 4-14: Schematic illustration of the formation of a non-zero interfacial curvature 
on the domain boundary of PS-b-PMMA: (a) Zero curvature; (b) Non-zero curvature 
with the concave side towards the shorter PS block and (c) Non-zero curvature with the 
concave side towards the longer PMMA block. (Orange domain is the PS domain 
while the green domain is the PMMA domain).  
This concept is illustrated in Figure 4-14 whereby the PMMA polymer chains are 
stretched out relative to PS. The green lines in the figure represent the main chains of the 
PMMA, while the orange lines represent the main chains of PS. The black dashed lines 
represent the curvature at the interface between the two domains, while the particles 
represent poorly grafted aggregates.  
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CHAPTER 5 
 
CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusions 
It has been shown that for PS-core and PMMA-core functionalized nanoparticles, 
the dispersion into the matrix improves comparably to an unmodified nanoparticle. 
However, the nanoparticles co-assemble in the PMMA domain did not align well as 
hypothesized, potentially due to the low grafting density. The low grafting density was not 
high enough to drive the SiO2 nanoparticles away from the PMMA block which has a more 
favorable interaction with a bare SiO2 particle surface than does the PS block. It is difficult 
to significantly improve the grafting density because of the steric hindrance limitation of 
this grafting approach as the polymer chains must diffuse through the already grafted 
polymer chains to reach the surface of the nanoparticle, to get higher grafting density, a 
whole new approach is needed: the “grafting from” approach. 
Also, it was shown that the nanostructured lamellar morphology of the block 
copolymer is affected by the presence of more nanoparticles. This increased loading 
fraction increases the volume fraction and the sizes of aggregates formed. At higher loading 
fraction it was shown that the curvature of the nanoparticles overcomes the interfacial 
curvature between the blocks, forming more concavity around the aggregates. Since the 
nanoparticles are about the size of the block copolymer domain, the polymer chains are 
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affected by the size of the nanoparticles as the aggregates take up significant fractions of 
the domain leaving a small PMMA region around these aggregates and the polymer chains 
curves around these aggregates.  
5.2 Future Work 
To improve on these results, a new approach to functionalizing the nanoparticles is 
required. The polymer chains will be polymerized from the nanoparticle surface, leading 
to denser grafts on the surface. This could help prevent the preferential interaction between 
the SiO2 nanoparticles and the PMMA domain, leading to PS-core co-assembly in the PS 
domain. This approach will help improve nanoparticle dispersion, making the 
nanoparticles more compactable with the polymer matrix One drawback of this approach 
is that the control over block length and overall molecular weight will be reduced, 
potentially limiting high order control.  
Using an asymmetric block copolymer, the larger block will drive the interfacial 
curvature towards the shorter block. As aggregates are incorporated into the larger block, 
this would drive the interfacial curvature towards the larger block. This competing 
interaction could help disperse the particles and improve aggregation.    
Smaller particles that would take up a smaller portion of the polymer domain 
compared to the graft length of the grafted polymer chains will help reduce domain 
swelling experienced for aggregates of two or more nanoparticles.  
Finally, effort should be put into investigating improving the dispersion of SiO2 
nanoparticles in solution. By including vortexing into the discrete sonication process, 
smaller uniform aggregates are formed when compared to a continuous sonication process 
without vortexing which forms much larger aggregates. 102  
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APPENDIX A  
 
BLOCK COPOLYMER CALCULATIONS 
 
This appendix provides the calculations of several properties of the block 
copolymers used in this thesis. 
A.1 Segregation (𝝌𝑷𝑺−𝑷𝑴𝑴𝑨𝑵) Calculation for Hydroxyl Terminated Block 
Copolymer  
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  (0.028 ± 0.002) +
(3.9 ± 0.6)
𝑇
 
 𝑤𝑖𝑡ℎ 𝑇 𝑎𝑠 𝑡ℎ𝑒 𝑎𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 𝑡𝑒𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑘𝑒𝑙𝑣𝑖𝑛, 𝑇 = 190 °𝐶 = 463.15𝐾 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  0.03 +
4.5
463.15
= 0.0397161 
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 𝑁 =
𝑁𝑢𝑚𝑏𝑒𝑟−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡,   𝑀𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟  (𝑔 𝑚𝑜𝑙⁄ )
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡,   𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡  (𝑔 𝑚𝑜𝑙
⁄ )
  
𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡  (𝑔 𝑚𝑜𝑙⁄ )
= (𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑆 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑆 𝑏𝑙𝑜𝑐𝑘)
+  (𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑀𝑀𝐴 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑀𝑀𝐴 𝑏𝑙𝑜𝑐𝑘) 
 
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑆 =  104.15 (𝑔 𝑚𝑜𝑙⁄ ), 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑀𝑀𝐴 =  100.12 (𝑔 𝑚𝑜𝑙⁄ ) 
A.1.1 Hydroxyl Terminated Poly (styrene-b-methyl methacrylate) (HO-PS-b-
PMMA) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑆 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑆 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
31,000
71,000
= 0.4366 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑀𝑀𝐴 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑀𝑀𝐴 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
40,000
71,000
= 0.5634  
𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = (104.15 × 0.4366) + (100.12 × 0.5634) = 101.879 (𝑔 𝑚𝑜𝑙⁄ )  
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 =
71,000 (𝑔 𝑚𝑜𝑙⁄ )
101.879 (𝑔 𝑚𝑜𝑙⁄ )
= 696.905 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴𝑁 = 0.0397161 × 696.905 ≈ 27.68 
A.1.2 Hydroxyl Terminated Poly (methyl methacrylate-b-styrene) (Br-PS-b-
PMMA-OH) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑆 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑆 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
46,000
88,000
= 0.5227 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑀𝑀𝐴 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑀𝑀𝐴 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
42,000
88,000
= 0.4773  
𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = (104.15 × 0.5227) + (100.12 × 0.4773) = 102.226 (𝑔 𝑚𝑜𝑙⁄ )  
𝑁 =
88,000 (𝑔 𝑚𝑜𝑙⁄ )
102.226 (𝑔 𝑚𝑜𝑙⁄ )
= 860.838 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴𝑁 = 0.0397161 × 860.838 ≈ 34.19 
A.2 Segregation (𝝌𝑷𝑺−𝑷𝑴𝑴𝑨𝑵) Calculation for Poly (Styrene-b-Methyl 
Methacrylate) (PS-b-PMMA) 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  (0.028 ± 0.002) +
(3.9 ± 0.6)
𝑇
 
w𝑖𝑡ℎ 𝑇 𝑎𝑠 𝑡ℎ𝑒 𝑎𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑘𝑒𝑙𝑣𝑖𝑛, 𝑇 = 190 °𝐶 = 463.15𝐾 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  0.03 +
4.5
463.15
= 0.0397161 
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 𝑁 =
𝑁𝑢𝑚𝑏𝑒𝑟−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡,   𝑀𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟  (𝑔 𝑚𝑜𝑙⁄ )
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡,   𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡  (𝑔 𝑚𝑜𝑙
⁄ )
  
𝑀𝑊𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡  (𝑔 𝑚𝑜𝑙⁄ )
= (𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑆 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑆 𝑏𝑙𝑜𝑐𝑘)
+  (𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑀𝑀𝐴 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑀𝑀𝐴 𝑏𝑙𝑜𝑐𝑘) 
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑆 =  104.15 (𝑔 𝑚𝑜𝑙⁄ ), 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑀𝑀𝐴 =  100.12 (𝑔 𝑚𝑜𝑙⁄ ) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑆 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑆 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
38,000
74,800
= 0.508 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑀𝑀𝐴 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑀𝑀𝐴 𝑏𝑙𝑜𝑐𝑘
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑙𝑜𝑐𝑘 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
=
36,800
74,800
= 0.492 
𝑀𝑊𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = (104.15 × 0.508) +  (100.12 × 0.492) = 102.167 (𝑔 𝑚𝑜𝑙⁄ )  
86 
𝑁 =
74,800 (𝑔 𝑚𝑜𝑙⁄ )
102.167 (𝑔 𝑚𝑜𝑙⁄ )
= 732.135 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴𝑁 = 0.0397161 × 732.135 ≈ 29.04 
A.3 Statistical Segment Length / Domain Spacing (𝑫) Calculation for Block 
Copolymer, PS-b-PMMA 
𝐷𝑜𝑚𝑎𝑖𝑛 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝐷) = 1.03 × 𝑎 × 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴
1 6⁄ × 𝑁2 3⁄  
𝑎 =  5.8Å, 𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 = 𝐹𝑙𝑜𝑟𝑦 − 𝐻𝑢𝑔𝑔𝑖𝑛𝑠 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 ,  
𝑁 = 𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛  
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  (0.028 ± 0.002) +
(3.9 ± 0.6)
𝑇
 
𝑤𝑖𝑡ℎ 𝑇 𝑎𝑠 𝑡ℎ𝑒 𝑎𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑘𝑒𝑙𝑣𝑖𝑛, 𝑇 = 190 °𝐶 = 463.15𝐾 
𝜒𝑃𝑆−𝑃𝑀𝑀𝐴 =  0.03 +
4.5
463.15
= 0.0397161 
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 𝑁 = 732.135 (Appendix A.2) 
𝐷 = 1.03 × 5.8Å × 0.03971611 6⁄ × 732.1352 3⁄ = 283.5Å = 28.35𝑛𝑚 
A.4 Average Grafting Density (𝝈) Calculation for Nanoparticles Functionalized 
with Hydroxyl Terminated Poly (Styrene-b-Methyl Methacrylate) (HO-PS-b-
PMMA) 
𝜎𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑐ℎ𝑎𝑖𝑛𝑠 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑁𝑃𝑠 (𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴)
𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑇𝑆.𝐴.)
   
Mass of grafted polymer in the sample = 0.0009031g 
Mass of Nanoparticle in the sample = 0.0006980g 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟, 𝑛
=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
𝑁𝑢𝑚𝑏𝑒𝑟 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡, 𝑀𝑛 (𝑔 𝑚𝑜𝑙)⁄
 
𝑛 =
0.0009031 (𝑔)
71,000 (𝑔 𝑚𝑜𝑙)⁄
= 1.2719718 × 10−8 (𝑚𝑜𝑙) 
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴
= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟, 𝑛 × 𝐴𝑣𝑜𝑔𝑟𝑎𝑑𝑜′𝑠 𝑁𝑢𝑚𝑏𝑒𝑟 
87 
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 = (1.2719718 × 10
−8) × (6.022 × 1023)
= 7.6598144 × 1015 𝑐ℎ𝑎𝑖𝑛𝑠 
From Sigma-Aldrich, nanoparticles size = 5 – 15nm, taking average particle size, d = 10nm. 
𝑉𝑜𝑙𝑚𝑒 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃 = 4𝜋
𝑑3
6
= 4 × 𝜋 ×
(10𝑛𝑚)3
6
= 523.5987756(𝑛𝑚3) 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑆𝑖𝑂2 = 2.2 (𝑔 𝑐𝑚
3) = 2.2 × 10−21(𝑔 𝑛𝑚3)⁄⁄  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃 =  2.2 × 10−21(𝑔 𝑛𝑚3)⁄ × 523.5987756(𝑛𝑚3)
= 1.15191731 × 10−18𝑔 
𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃
=
0.0006980𝑔
1.15191731 × 10−18𝑔
= 6.059462723 × 1014 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 4𝜋(
𝑑
2
)2 = 4 × 𝜋 × (
10
2
)2 = 314.1592654𝑛𝑚2 
𝑇𝑆.𝐴. = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 
𝑇𝑆.𝐴. = 314.1592654𝑛𝑚
2 × 6.059462723 × 1014 = 1.903636358 × 1017𝑛𝑚2 
𝜎𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 =
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴
𝑇𝑆.𝐴.
=
7.6598144 × 1015 𝑐ℎ𝑎𝑖𝑛𝑠
1.903636358 × 1017𝑛𝑚2
≈ 0.04024 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  
A.5 Average Grafting Density (𝝈) Calculation for Nanoparticles Functionalized 
with Hydroxyl Terminated Poly (Methyl Methacrylate-b-Styrene) (Br-PS-b-
PMMA-OH) 
The average grafting density (𝜎𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴) was calculated from TGA analysis using 
𝜎𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑐ℎ𝑎𝑖𝑛𝑠 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑁𝑃𝑠 (𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴)
𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑇𝑆.𝐴.)
  
Mass of grafted polymer in the sample = 0.0004708g 
Mass of nanoparticle in the sample = 0.000827g 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟, 𝑛
=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
𝑁𝑢𝑚𝑏𝑒𝑟 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡,   𝑀𝑛 (𝑔 𝑚𝑜𝑙)⁄
 
𝑛 =
0.0004708 (𝑔)
88,000 (𝑔 𝑚𝑜𝑙)⁄
= 5.35 × 10−9 (𝑚𝑜𝑙) 
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴
= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟, 𝑛 × 𝐴𝑣𝑜𝑔𝑟𝑎𝑑𝑜′𝑠 𝑁𝑢𝑚𝑏𝑒𝑟 
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 = (5.35 × 10
−9) × (6.022 × 1023) = 2.3864963 × 1015 𝑐ℎ𝑎𝑖𝑛𝑠 
From Sigma-Aldrich, nanoparticles size = 5 – 15nm, taking average particle size, d = 10nm. 
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃 = 4𝜋
𝑑3
6
= 4 × 𝜋 ×
(10𝑛𝑚)3
6
= 523.5987756(𝑛𝑚3) 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑆𝑖𝑂2 = 2.2 (𝑔 𝑐𝑚
3) = 2.2 × 10−21(𝑔 𝑛𝑚3)⁄⁄  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃 =  2.2 × 10−21(𝑔 𝑛𝑚3)⁄ × 523.5987756(𝑛𝑚3)
= 1.15191731 × 10−18𝑔 
𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑁𝑃
=
0.000827𝑔
1.15191731 × 10−18𝑔
= 7.17933477 × 1014 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 4𝜋(
𝑑
2
)2 = 4 × 𝜋 × (
10
2
)2 = 314.1592654𝑛𝑚2 
𝑇𝑆.𝐴. = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝑠 
𝑇𝑆.𝐴. = 314.1592654𝑛𝑚
2 × 7.17933477 × 1014 = 2.25545454 × 1017 
𝜎𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴 =
𝑁𝐻𝑂−𝑃𝑆−𝑏−𝑃𝑀𝑀𝐴
𝑇𝑆.𝐴.
=
3.22177 × 1015 𝑐ℎ𝑎𝑖𝑛𝑠
1.881818176 × 1017𝑛𝑚2
≈ 0.01712 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  
A.6 Radius of Gyration (𝑹𝒈) Calculation for Hydroxyl Terminated Block 
Copolymer 
𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐺𝑦𝑟𝑎𝑡𝑖𝑜𝑛, 𝑅𝑔  = 𝐵𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 2 𝑐𝑎𝑟𝑏𝑜𝑛 −
𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑖𝑛𝑔𝑙𝑒 𝑏𝑜𝑛𝑑𝑠, 𝑙, × √
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛,𝑁
6
  
Bond length between 2 carbon-carbon single bonds, 𝑙 = 0.252𝑛𝑚 (Appendix B.1) 
A.6.1 Hydroxyl Terminated Poly (styrene-b-methyl methacrylate) (HO-PS-b-
PMMA) 
Degree of Polymerization, N = 696.905 (Appendix A.1.1), 𝑅𝑔  = 0.252𝑛𝑚 × √
696.905
6
≈
2.716𝑛𝑚 
A.6.2 Hydroxyl Terminated Poly (methyl methacrylate-b-styrene) (Br-PS-b-
PMMA-OH) 
Degree of Polymerization, N = 1162.13 (Appendix A.1.2), 𝑅𝑔  = 0.252𝑛𝑚 × √
860.838
6
≈
3.018𝑛𝑚 
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APPENDIX B  
 
HOMOPOLYMER CALCULATIONS 
 
This appendix provides the calculations of several properties of the homopolymers 
used in this thesis for better understanding.   
B.1 End-To-End Distance (𝒓𝑫) Calculation for Hydroxyl Terminated 
Homopolymers  
For fully stretched hydrocarbon molecules, 103 (Figure B-1) 
1. The tetrahedral geometry at the carbon atoms gives bond angles of 109.5°. 
2. The equilibrium bond length of a carbon-carbon single bond is 0.154nm or 1.54Å 
 
Figure B-1: Hydrocarbon molecule stretched out to its full length. 
Using the law of cosine, the length of the base of these triangles is  
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑎𝑠𝑒 =  0.1542 + 0.1542 − (2 × 0.154 × 0.154 × cos 109.5) = 0.252𝑛𝑚 
𝐸𝑛𝑑 − 𝑡𝑜 − 𝐸𝑛𝑑 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑟𝐷)
≈ (𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 𝑁)0.5 × 𝑙𝑒𝑛𝑔ℎ𝑡 𝑜𝑓 𝑏𝑎𝑠𝑒 
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛, 𝑁 =
𝑁𝑢𝑚𝑏𝑒𝑟−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡, 𝑀𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟  (𝑔 𝑚𝑜𝑙⁄ )
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡,   𝑀𝑛𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡  (𝑔 𝑚𝑜𝑙
⁄ )
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B.1.1 Hydroxyl Terminated Polystyrene (PS-OH) 
𝑁 =
9,500 (𝑔 𝑚𝑜𝑙⁄ )
104.15 (𝑔 𝑚𝑜𝑙⁄ )
= 91.215 
𝑟𝐷 ≈ 91.215
0.5 × 0.252𝑛𝑚 = 2.407𝑛𝑚 
B.1.2 Hydroxyl Terminated Poly (methyl methacrylate) (PMMA-OH) 
𝑁 =
9,500 (𝑔 𝑚𝑜𝑙⁄ )
100.12  (𝑔 𝑚𝑜𝑙⁄ )
= 94.886 
𝑟𝐷 ≈ 94.886
0.5 × 0.252𝑛𝑚 = 2.455𝑛𝑚 
B.2 Chain Density (𝝈𝒉𝒐𝒎𝒐𝒑𝒐𝒍𝒚𝒎𝒆𝒓) Calculation for Hydroxyl Terminated 
Homopolymers 
B.2.1 Hydroxyl Terminated Polystyrene (PS-OH) 
𝐶ℎ𝑎𝑖𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑆 𝑏𝑟𝑢𝑠ℎ, 𝜎𝑃𝑆 = 𝜌𝑃𝑆𝑡𝑃𝑆
𝑁𝐴
𝑀𝑛𝑃𝑆
 
where 𝜌𝑃𝑆 is the PS density, thickness of the PS brush, 𝑡𝑃𝑆, 𝑀𝑛𝑃𝑆  is the 𝑀𝑛 of the 
PS brush molecules, and 𝑁𝐴 is Avogadro’s number.  
𝜎𝑃𝑆 = 1.05(𝑔 𝑐𝑚
3⁄ ) × 4.03𝑛𝑚 ×
6.022 × 1023(𝑐ℎ𝑎𝑖𝑛𝑠 𝑚𝑜𝑙)⁄
9,500 (𝑔 𝑚𝑜𝑙⁄ )
 
𝜎𝑃𝑆 = 1.05(𝑔 1 × 10
21𝑛𝑚3⁄ ) × 4.03𝑛𝑚 ×
6.022 × 1023(𝑐ℎ𝑎𝑖𝑛𝑠 𝑚𝑜𝑙)⁄
9,500 (𝑔 𝑚𝑜𝑙⁄ )
= 0.2682 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  
B.2.2 Hydroxyl Terminated Poly (methyl methacrylate) (PMMA-OH) 
After grafting the PMMA-OH to the PS-coated substrate, the chain density of the PMMA 
brushes, 𝜎𝑃𝑀𝑀𝐴, was similarly calculated using 
𝐶ℎ𝑎𝑖𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑀𝑀𝐴 𝑏𝑟𝑢𝑠ℎ, 𝜎𝑃𝑀𝑀𝐴 = 𝜌𝑃𝑀𝑀𝐴(𝑡𝑃𝑆+𝑃𝑀𝑀𝐴 − 𝑡𝑃𝑆)
𝑁𝐴
𝑀𝑛𝑃𝑀𝑀𝐴
 
where 𝜌𝑃𝑀𝑀𝐴 is the PS density, 𝑀𝑛𝑃𝑀𝑀𝐴  is the 𝑀𝑛 of the PMMA brush molecules, 
𝑡𝑃𝑆+𝑃𝑀𝑀𝐴 is the thickness of the PS/PMMA brush blend, and 𝑁𝐴 is Avogadro’s number. 
𝜎𝑃𝑀𝑀𝐴 = 1.18(𝑔 𝑐𝑚
3⁄ ) × (5.72 − 4.03)𝑛𝑚 ×
6.022 × 1023(𝑐ℎ𝑎𝑖𝑛𝑠 𝑚𝑜𝑙)⁄
9,500 (𝑔 𝑚𝑜𝑙⁄ )
= 0.1125 𝑐ℎ𝑎𝑖𝑛𝑠 𝑛𝑚2⁄  
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